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Although U.S. commercial catfish aquaculture ponds are in temperate regions and
experience cool to cold temperatures during the winter, few studies have investigated the effects
of low temperatures on catfish physiological processes. Therefore, growth, metabolism,
swimming performance, and blood variables were compared between channel (Ictalurus
punctatus), blue (I. furcatus), and hybrid (I. furcatus x I. punctatus) catfish at 10 and 20°C.
Accelerometers were also used to evaluate relationships among acceleration, metabolism, and
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CHAPTER I
INTRODUCTION
1.1

Commercial Catfish Industry
Catfish aquaculture was first established in state and federal hatcheries before 1940 with

the intention of stocking lakes, rivers, and ponds throughout the United States (U.S.) with
channel catfish (Ictalurus punctatus, Tucker & Hargreaves 2004). The industry did not begin
producing channel catfish commercially until the 1960’s when the market rapidly expanded and
grew to become the largest finfish aquaculture industry in the U.S. with sales reaching $371
million in 2020 (Quintero et al. 2009; Reichley et al. 2018; United States Department of
Agriculture-National Agricultural Statistics Service USDA-NASS 2021). The industry originated
in the southeastern states of Alabama, Arkansas, and Mississippi and now the tristate region
contributes 95% of the production and processing of cultured catfish (United States Department
of Agriculture-National Agricultural Statistics Service USDA-NASS 2020; Hedge et al. 2021).
Moreover, Mississippi is the top producing state in the tristate region with sales at $213,675,000
in 2019, and the next closest state, Alabama, at $97,375,000 (United States Department of
Agriculture-National Agricultural Statistics Service USDA-NASS 2020). The industry has
created > 9,000 jobs for the region, making it a crucial economic contributor to the southeastern
U.S. (Kaliba & Engle 2004; Hedge et al. 2021).
Initially, catfish aquaculture focused on propagating channel catfish due to their
resilience to a wide range of environmental conditions (Stewart et al. 2015; Reichley et al. 2018).
1

Blue catfish (I. furcatus) are believed to possess less favorable characteristics compared to
channel catfish, including a lower tolerance to warm temperatures and higher dissolved oxygen
(DO) requirements, which ultimately results in poor performance (Meyer et al. 1973; Dunham et
al. 1993). Interestingly, blue catfish may perform better than channel catfish with respect to gross
production, net production, and overall survival in low DO concentrated ponds (Torrans et al.
2012). Also, blue catfish are more resilient to common aquaculture diseases and nitrite, which is
problematic during autumn and spring months when temperatures fluctuate (Schoore et al. 1995;
Durborow et al. 1997; Graham 1999; Reichley et al. 2018). Given the beneficial traits in both
channel and blue catfish, more recent efforts have included producing hybrid catfish (I. punctatus
x I. furcatus, Green & Rawles 2011). Hybridization is an alternative method commonly used in
the aquaculture industry to improve overall performance of offspring through heterosis, by
selecting ideal traits from the parental strains (Zhang et al. 2020). Although there are 42 potential
crosses from the seven major catfish species in North America, only the cross between a female
channel catfish and a male blue catfish possesses favorable characteristics for the aquaculture
industry (Dunham & Masser 2012). Hybrid catfish production has rapidly increased in recent
years, as they possess many advantageous characteristics such as faster growth, greater resistance
to disease pathogens such as Edwardsiella ictaluri, and greater tolerance to low DO
concentrations (Dunham et al. 1983; Dunham et al. 1987; Dunham et al. 1990; Dunham & Argue
1998; Argue et al. 2003; Li et al. 2004; Jiang et al. 2008; Green & Rawles 2011; Reichley et al.
2018). In Mississippi ponds, hybrid production accounts for about 69% of Mississippi’s total
catfish production over a 14,280-hectare area (Hedge et al. 2022).

2

1.2

Biology of Commercially Cultured Catfish
Understanding the biology of channel, blue, and hybrid catfish provides for more

efficient production within the industry. The natural geographical distribution of channel catfish
ranges from southern Canada to northern Mexico, where they commonly inhabit medium to large
freshwater river systems (Scott & Crossman 1972; McCauley & Beitinger 1992; Bennett et al.
1998). However, introductions across most of the U.S. have resulted in established populations
outside of their native range (Carter-Lynn et al. 2015). As omnivores, channel catfish have a
broad diet consisting of vegetation, aquatic invertebrates, and other finfish (Braun & Phelps
2016). Because channel catfish have evolved in temperate climates over a wide distribution, they
can tolerate temperatures from near freezing to 35°C (McCauley & Beitinger 1992). Channel
catfish reach maximum growth around 28°C while upper tolerance limits are between 38.640.3°C and lower tolerances around 6°C (Buentello et al. 2000; Currie et al. 2004; Stewart &
Allen 2014). These temperature limitations become an area of concern since water temperatures
can increase to 37°C during the summer and fall to 4°C during the winter in the primary region
for catfish aquaculture (Bly & Clem 1992; Arnold et al. 2013).
Blue catfish are native to the Mississippi, Missouri, and Ohio river basins in the central
and southern U.S. (Graham 1999) and prefer open, turbid waters of large reservoirs, channels,
and rivers (Burr & Warren 1986). With preference for open, midwater habitats, they are easy to
seine, as a near-total harvest can be completed in as little as one seine haul (Tidwell & Mims
1990; Dunham & Argue 1998; Graham 1999). Blue catfish also occupy Gulf Coast streams
ranging from Alabama to parts of Central America (Graham 1999). Optimal growth of blue
catfish is at 24°C (Collins 1988) while growth decreases at 9°C or below, based on predictive
models (Nepal & Fabrizio 2020). Moreover, blue catfish are the largest, most migratory catfish
3

in the U.S. and are considered a big-river species (Graham 1999). With an omnivorous diet, blue
catfish have been documented to consume more than 30 prey types, including over 15
identifiable fish species, mollusks, chironomids, oligochaetes, decapods, and plant matter
(Eggleton & Schramm, Jr 2004). Blue catfish became of interest due to their high resistance to
aquatic diseases, such as enteric septicemia of catfish, channel catfish virus, and proliferative gill
disease (Wolters et al. 1996; Plumb & Chappell 1978; Bosworth et al. 2003, Dunham et al. 2008,
Silverstein et al. 2008).
Hybrid catfish tend to physically resemble blue catfish more than channel catfish
(Dunham & Masser 2012). Hybrid catfish possess more favorable culture characteristics
compared to channel catfish, including faster growth, better feed conversion, higher disease
resistance, seinability, and higher tolerances to low DO concentrations, fluctuating temperatures,
and crowding (Green & Rawles 2011; Dunham & Masser 2012; Reichley et al. 2018). Hybrid
catfish are also more resilient to high temperatures, as they have stable growth and weight gain
between 32 and 36°C, whereas channel catfish have diminished growth (Stewart et al. 2015).
Hybrid catfish also perform better in ponds compared to aquaria systems and cages, although
parental stocks, environment, feeding habits, stocking density, and size grading fingerlings may
create inconsistencies among growth and variability in harvestable food fish sizes (Dunham et al.
1990; Small 2006). Hybrid catfish have also been documented to have higher fillet yields than
channel catfish (Bosworth et al. 2004). These favorable characteristics have led to increased
aquaculture production.
1.3

Physiological Variables
In aquatic environments, temperature is considered the most important physical factor

(Fry 1947; Fry 1971; Brett 1971). In fishes, temperature influences many biochemical and
4

physiological properties and overall life history (Brett 1971; Reynolds & Casterlin 1979;
Beitinger et al. 2000; Crockett & Londraville 2005). As ectotherms, the internal body
temperature of fish is a direct function of their surrounding environment; meaning body
temperature fluctuates with changing water temperature (Beitinger et al. 2000; Narum et al.
2013). Therefore, physiological processes such as growth, metabolism, and activity differ with
changing temperatures (Schmidt-Nielsen 1997; Johnston & Dunn 1987; Clarke & Johnston
1999; Weber & Bosworth 2005; Suja et al. 2009; McKenzie & Claireaux 2010; Di Santo &
Bennnett 2011). Particularly, cold temperature effects are of increasing importance as they likely
inhibit these physiological processes during the winter both naturally and in aquaculture.
However, these relationships are not well understood for temperate fish, including cultured
catfish.
Growth studies provide insight into overall physiological responses and metabolic
adjustments as well as fish wellness, and potentially survival in different environments.
Typically, growth increases with increasing temperatures until the upper lethal limit is
approached in most warm water fish (Corey et al. 1983; Talbot 1993). Several studies have
documented, reduced feed intake, reduced feed conversion efficiency, and decreased growth at
low temperatures in channel catfish (Andrews & Stickney 1972; Buentello et al. 2000; Robinson
et al. 2001; Weber & Bosworth 2005; Suja et al. 2009; Nanninga et al. 2011). To compensate for
reduced growth during winter, catfish farmers will reduce feeding, withhold food, or minimize
feed protein content (Suja et al. 2009; Bosworth 2012). However, such knowledge for hybrid and
blue catfish is not as well documented. Condition factor, a vital tool for producers, is a
combination of length and weight data measuring the relative fatness and provides insight to the
overall fish well-being (Pope & Kruse 2007). Although of great relevance in catfish aquaculture,
5

condition factor for channel, blue, and hybrid catfish is not well documented in previous growth
studies.
Like growth, there is a direct relationship between temperature and metabolic rate, where
metabolic rate increases with increasing temperature and decreases with decreasing temperature
(Schmidt-Nielsen 1997; Johnston & Dunn 1987; Clarke & Johnston 1999; Di Santo & Bennett
2011). Generally, metabolic rate increases by 2-3-fold with every 10°C increase (Q10) until an
organism’s physiological thermal limit is met (Jensen et al. 1993; Schmidt-Nielsen 1997; Di
Santo & Bennett 2011), yet at cold temperatures metabolic rates decrease with a Q10 of 1.6-2.0
as water temperatures continue to decrease (Fry & Hochachka 1970; Johnston & Dunn 1987).
Metrics such as standard metabolic rate (SMR), maximum metabolic rate (MMR), and metabolic
scope are frequently used to further the understanding of overall fish metabolic responses. When
metabolic scope, the difference between SMR and MMR, is maximized, fish performance is also
maximized, resulting in higher potential for growth and optimum productivity (Fry 1971;
Lefrançois & Claireaux 2003; Clark et al. 2013). Comparative studies of channel, blue, and
hybrid catfish metabolic demands under various environmental conditions are lacking,
specifically at cold temperatures. Hematology variables and blood metabolites further the
understanding of temperature and exercise effects on various fishes’ metabolic demands
(Lurman et al. 2007). However, comparative differences of hematology and blood metabolites
among channel, blue, and hybrid catfish are not well understood.
Technological advances have significantly improved the ability to understand animal
responses under changing environments by monitoring the behavior, movement, and physiology
in free-swimming animals. Biologging has recently gained interest, as it provides real time data
over extended periods of the fish’s surrounding environment (Thorsteinsson 2002). Data storage
6

tags (DSTs), one form of biologging, have high sampling frequencies and record high resolution
data, although they must be collected to download the data (Payne et al. 2014; Zrini & Gamperl
2021). Tri-axial accelerometers, a form of DSTs, are spring-like piezoelectric sensors recording
whole or partial body acceleration in three spatial axes simultaneously (Brown et al. 2013;
Wilson et al. 2013; Zrini & Gamperl 2021). Combined data from the three axes can represent
three-dimensional movement and identify activity patterns of an animal (Brown et al. 2013;
Payne et al. 2014). Using accelerometers in animal studies is relatively new to biology (Brown et
al. 2013), so accelerometry data are limited in catfish aquaculture. However, acceleration is often
related to swimming speed and metabolism in fishes, where acceleration increases with increased
swimming speeds and higher metabolic rates are associated with increased acceleration (Clark et
al. 2010; Gleiss et al. 2010; Wilson et al. 2013; Wright et al. 2014; Brownscombe et al. 2018;
Zrini & Gamperl 2021). Therefore, accelerometers could be beneficial for production purposes
as they can provide understanding of catfish swimming and activity, elucidating energetic
demands in cultured environments.
1.4

Objectives
Over 95% of catfish aquaculture occurs in shallow (<1.5 m deep) ponds with a large

surface area to volume ratio (Masser et al. 2005; Arnold et al. 2013). These earthen ponds
experience seasonal changes, and even dramatic daily fluctuations in water temperature due to
changes in the air temperature (Arnold et al. 2013). Even in temperate regions, ponds fluctuate
from 6 to 23°C during the winter, with extreme cold fronts causing rapid changes of up to 9°C in
12 hours (Bly & Clem 1992). In northwest Mississippi, the average temperature within catfish
ponds is below 15°C for about 90 days of the year (Tucker & Hargreaves 2004). These cold
temperatures inhibit many biochemical and physiological processes, as temperature has been
7

deemed the most important factor within aquatic environments (Fry 1947; Brett 1971; Fry 1971).
Naturally, fishes could relocate to seek warmer refugee; however, in aquaculture ponds the
cultured catfish are left vulnerable to the extreme conditions and maximum production is likely
inhibited. Unfortunately, large knowledge gaps remain regarding the long-term effects of cold
temperatures for many temperate fish, including cultured catfish. Therefore, the purpose of this
study was to better understand the challenges channel, blue, and hybrid catfish face in cool
temperatures through analyzing growth, condition factor, metabolic costs, and blood variables
associated with exercise and activity. Because temperatures range from 6-23°C during the winter
in the tristate region (Bly & Clem 1992) and Bosworth (2012) reported a mean of 10.8°C during
14-week pond study, the temperature treatments of 10 and 20°C were chosen and served as an
average cold and mild temperature, respectively. Also, it is crucial to discern how the three
catfish types compare to one another to better understand the needs and limitations of each to
apply in aquaculture practices. Therefore, the following objectives were addressed:
1. Analyze the effects of cool temperatures (i.e., 10 and 20°C) on growth of juvenile
channel, blue, and hybrid catfish,
2. Determine the metabolic scope and compare blood variables associated with exercise
of juvenile channel, blue, and hybrid catfish after acclimation to cool temperatures (i.e., 10 and
20°C), and
3. Examine the relationship between acceleration and metabolic rates during swimming
performance tests of channel catfish.
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CHAPTER II
LOW TEMPERATURE EFFECTS ON GROWTH OF JUVENILE CHANNEL (I.
PUNCTATUS), BLUE (I. FURCATUS), AND HYBRID CATFISH
(I. PUNCTATUS X I. FURCATUS)
2.1

Abstract
Catfish aquaculture ponds are in temperate regions and are relatively shallow (<1.5 m),

experiencing cold temperatures during winter. Cold temperatures inhibit maximum production
through reduced growth; however, little is known of comparative differences in growth among
principal types of catfish cultured. Therefore, a 17-week study was conducted at 10 and 20C to
evaluate growth, condition factor, and survival of juvenile channel (Ictalurus punctatus), blue (I.
furcatus), and hybrid catfish (I. punctatus x I. furcatus). It was hypothesized that growth would
be reduced among all three fish types at 10C due to reduced feeding and metabolic rates.
Further, it was hypothesized that hybrid catfish would have greater growth than channel and blue
catfish at both temperatures due to heterosis. As hypothesized, prolonged exposure to 10C
reduced overall growth for each fish type but interestingly, hybrid catfish experienced lower
growth than channel and blue catfish at each treatment temperature. Condition factor was also
lower at 10C and survival > 96% across all treatment combinations. Therefore, results indicate
prolonged exposure to cold temperatures limits growth in all catfish types, ultimately inhibiting
maximum production, with hybrid catfish impacted more than channel catfish.
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2.2

Introduction
Temperature has been deemed the most important physical factor in aquatic

environments (Fry 1947; Fry 1971; Brett 1971). In fishes, temperature influences many
biochemical and physiological properties and overall life history (Brett 1971; Reynolds &
Casterlin 1979; Beitinger et al. 2000; Crockett & Londraville 2005), including growth (Stickney
1979). As ectotherms, the internal body temperature of fish is a direct function of their
surrounding environment; meaning body temperature fluctuates with changing water temperature
(Beitinger et al. 2000; Narum et al. 2013). Growth increases with increasing temperatures until
the upper lethal limit is approached in most warm water fish (Corey et al. 1983; Talbot 1993).
Due to the importance of water temperature, extensive research has been conducted to determine
temperature tolerances of various fishes. However, there have been far fewer studies on the
effects of cool temperature (Beitinger et al. 2000). Cool temperature is particularly important
because of its influence on growth and energy storage throughout the winter in natural
environments and in aquaculture.
The U.S. catfish aquaculture region is confined mostly to the southeastern states of
Mississippi, Alabama, Arkansas, and Texas (NASS et al. 2020). Aquaculture systems for catfish
predominantly use shallow ponds (3-5 surface hectares; <1.5 m deep), where water temperature
changes seasonally and may dramatically fluctuate daily with changes in air temperature (Steeby
& Avery 2002; Arnold et al. 2013). In this region, seasonal pond temperatures range from 4C in
the winter to 38C in the summer (Bly & Clem 1992). In northwest Mississippi, the principal
location for commercial catfish production, catfish ponds have an average temperature below
15C for about 90 days annually (Tucker & Hargreaves 2004). Pond temperatures typically
fluctuate between 6-23C in winter, with extreme cold fronts causing rapid temperature changes
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up to 9C in 12 hours (Bly & Clem 1992). These abrupt decreases in water temperature can lead
to “winter kill” syndrome and depending on the severity can cause substantial mortality in
cultured catfish (Bly & Clem 1992). Even naturally, most fish kills are attributed to low
temperatures as opposed to warm (Beitinger et al. 2000). Therefore, with the threat of winter kill
and extreme fluctuations in water temperature during winter, an understanding of low
temperature effects on catfish is important.
Channel catfish (Ictalurus punctatus) have historically been the primary catfish cultured,
with extant knowledge of cool-temperature effects focused on this species. The lower
temperature tolerance for juvenile channel catfish is between 6.1C and 6.6C (Currie et al.
2004). Rapid temperature decreases may cause acute thermal stress, leading to homeostatic
alterations in normal physiological function (Stewart et al. 2019). Changes in growth,
reproduction, and immune responses (Morvan et al. 1998; Lang et al. 2003; Arnold et al. 2013)
result in acute thermal stress while feed intake, feed conversion efficiency, and growth decrease
at low temperatures (Andrews & Stickney 1972; Robinson et al. 2001; Weber & Bosworth 2005;
Suja et al. 2009). In aquaculture ponds, as temperature decreases below 21C, channel catfish
stop feeding consistently but will continue to feed at highly reduced rates to as low as 10C
(Buentello et al. 2000; Robinson et al. 2001). Similarly, Weber & Bosworth (2005) found
channel catfish exposed to 10.5C for 28 days experienced reduced feed intake and specific
growth rates. A more recent study conducted in rectangular concrete vats, concluded channel
catfish continued to feed as low as 7C (Nanninga et al. 2011). To accommodate limited growth
during winter, it is common for catfish farmers to reduce feeding, withhold food, or minimize
feed protein content (Suja et al. 2009; Bosworth 2012).
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In contrast to channel catfish, much less is known about low temperature effects on blue (I.
furcatus) or hybrid (I. punctatus x I. furcatus) catfish. This information is important because of
increased hybrid catfish production (Vilsack & Reilly 2013) due to their rapid growth and
increased disease resistance (Chappell 1979; Wolters et al. 1996; Green & Rawles 2010;
Dunham & Masser 2012). A cross between a female channel catfish and male blue catfish is
commonly used in the aquaculture industry to improve overall performance through heterosis
(Dunham & Masser 2012; Zhang et al. 2020). Bosworth (2012) found hybrid catfish had greater
weight gain than both channel and blue catfish during a 14-week winter feeding study, where the
average water temperature was 10.8C. However, survival did not vary among the three catfish
types (Bosworth 2012). Furthermore, a recent study evaluated a combination of low temperature
(-0.5C to 9C) and salinity (0 ppt to 7.5 ppt) effects on channel and hybrid catfish survival
(Abass et al. 2016). Channel and hybrid catfish showed 100% survival at each temperature and
salinity combination from 0-9C and 0-7.5ppt, but when temperature dropped to -0.5C, survival
greatly declined at higher (≥5 ppt) salinities (Abass et al. 2016). However, 2.5 ppt salinity
resulted in 98% channel catfish survival and 18% hybrid catfish survival (Abass et al. 2016).
These results indicate species-specific performance may decline during winter.
Growth studies provide insight into overall physiological responses and metabolic
adjustments as well as fish wellness, and potentially survival in different environments. For
channel, blue, and hybrid catfish, little is known regarding long-term effects of cold temperatures
on growth. Therefore, the objective of this study was to examine the effects of cold temperatures
on growth and survival of channel, blue, and hybrid catfish. It was hypothesized that growth
would be reduced among all three fish types with lower temperature due to reduced feeding and
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metabolic rates. Hybrid catfish were expected to have greater growth than channel and blue
catfish at all temperatures tested due to heterosis.
2.3

Methods
Juvenile channel, blue, and hybrid catfish were spawned and reared by the US

Department of Agriculture (USDA) Agricultural Research Service at the Thad Cochran National
Warmwater Aquaculture Center in Stoneville, MS and transported to Mississippi State
University’s South Farm Aquaculture Facility. Channel catfish were from the Delta Select strain
while blue catfish were from the Delta Elite strain and the hybrid catfish were produced from the
same parental strains as the channel and blue catfish strains. The Delta Select strain was
established in 2006 and derived from 10 commercial catfish farms for selecting improved growth
and carcass yield by the USDA’s Warmwater Aquaculture Research Unit (Bosworth et al. 2020).
The Delta Elite strain was developed from crossbreeding the four highest performing strains of
blue catfish evaluated by the Warmwater Aquaculture Research Unit (Bosworth & Waldbieser
2020).
Water temperatures typically range from 6-23C during winter (Bly & Clem 1992), with
averages below 15C for about 90 days annually (Tucker & Hargreaves 2004). Bosworth (2012)
reported a mean water temperature of 10.8C during a 14-week pond study in the Mississippi
Delta; therefore, 10 and 20C were considered an average and mild temperature, respectively,
and served as the two treatment temperatures for the current study. Fish were gradually
acclimated for about two weeks from 27C at the Thad Cochran National Warmwater
Aquaculture Center to 20C at the South Farm Aquaculture Facility. After the two-week
acclimation, the catfish were measured, weighed, and equally distributed into 18, 355-L tanks,
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with 50 catfish per tank, across two independent recirculating aquaculture systems for the 17week growth experiment. Temperature was gradually decreased in one recirculating aquaculture
system by 1C/day until 10C was reached. Each recirculating aquaculture system was
maintained at either 10 or 20C and consisted of 9 tanks, with 3 tanks of each fish type. All tanks
were supplied with well water and forced air via air stones.
Fish were held at a 12-hour light: 12-hour dark photoperiod. Temperature, dissolved
oxygen, salinity, and pH were measured daily with a dissolved oxygen meter (Pro 2030, YSI
Inc., Yellow Springs, OH, USA) and a pH probe (EcoSense pH100A, YSI Inc.). Alkalinity
(titration), nitrite (diazotization method), and total ammonia nitrogen (TAN; salicylate method)
were measured twice weekly with a colorimeter (DR/850, Hach Company, Loveland, CO, USA).
Biofilters were backwashed daily, and tanks were siphoned and/or scrubbed weekly. All tanks
were observed daily, and any dead fish were removed immediately. Fish were fed daily to
satiation with a commercial diet (Fry/Fingerling Catfish Food; Fishbelt Feeds Inc., Moorhead,
MS, USA) consisting of 35% crude protein, 2.5% crude fat, 7% crude fiber, and 0.4%
phosphorus. During the 30-minute feeding, tanks were monitored and if all pellets were
consumed, additional pellets were added until feed consumption ceased, and pellets remained at
the surface. After feeding, remaining pellets were netted and removed from the tanks.
To measure growth, fish were anesthetized in a buffered solution (200 mg/L tricaine
methanesulfonate (MS-222) with 400 mg/L NaHCO3), weighed to the nearest 0.01 gram and
measured to the nearest 1 mm at the start and end of the growth study. At the beginning of the
17-week study, 20 fish were individually weighed and measured and two bulk weights of 10 and
20 fish were weighed per tank. At the end, all surviving fish were individually weighed and
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measured, survival was quantified, and Fulton’s condition factor (K) was calculated from Froese
(2006):

K=

(𝑊∗100)
𝐿3

(2.1)

where W= weight (grams), and L= total length (cm).
2.3.1

Statistical Analysis
Initial weight, initial length, weight gained, total length gained, K and water quality

variables were analyzed by a two-way ANOVA with fish type (channel, blue, and hybrid) and
temperature (10 or 20C) as fixed factors. Tank (n = 3 per combination) was considered the
replicate in all analyses. Before all analyses, normality of residuals was tested with Shapiro-Wilk
tests, and homogeneity of variance was tested with Levene’s tests. To meet normality, weight
gain data were square-root transformed. If the overall ANOVA was significant, Tukey’s Honest
Significant Difference (HSD) post-hoc tests were used to determine treatment-level differences.
All statistical analyses were performed with SAS® version 9.4 (SAS Institute Inc., Cary, North
Carolina, USA) and significance was determined at P ≤ 0.05 for all ANOVA and post-hoc tests.
All data are reported as mean ± standard error (SE) unless noted otherwise.
2.4

Results

Water Quality
Water quality during the 17-weeks was appropriate for catfish (Tucker & Robinson 1990)
across all tanks and treatments (Table 2.1). Ammonia was read at the assay limit 0.73 mg/L,
which only occurred twice throughout the study.
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Initial Juvenile Size
Initial mean weight (ANOVA: F2,12=63.31; P<0.0001) and total length (ANOVA:
F2,12=56.42; P<0.0001) were different among catfish types. Blue catfish had the greatest mean
weight and total length, followed by channel and hybrid catfish (Table 2.2). Due to differences in
initial weights and lengths, weight gain and total length gain were analyzed instead of final
weight and final total length (per Stewart et al. 2015).
Growth
For weight gain, the interaction between temperature and fish type was significant
(ANOVA: F2,12= 20.54; P=0.0001). At 20C, channel catfish had greater weight gain than blue
catfish, which had greater weight gain than hybrid catfish (Figure 2.1). In contrast, at 10C,
channel and blue catfish had similar weight gain and were both greater than hybrid catfish
(Figure 2.1). There was also a main effect of temperature; weight gain was significantly greater
at 20C than 10C (Figure 2.1).
For gain in total length, the interaction between temperature and fish type was significant
(ANOVA: F2,12=16.84; P=0.0003). At 20C, channel catfish had greater length gain compared to
hybrid and blue catfish (Figure 2.2). In contrast, at 10C, total length gain did not differ among
the three fish types (Figure 2.2). There was also a main effect of temperature; total length gain
was significantly greater at 20C than 10C (Figure 2.2).
Condition Factor and Survival
For condition factor, the interaction between temperature and fish type was not
significant (ANOVA: F2,12=1.95; P=0.1852). However, the two main effects of temperature
(ANOVA: F1,12=11.63; P=0.0052) and fish type (ANOVA: F2,12=12.03; P=0.0014) were both
significant. Condition factor was significantly greater at 20C than 10C, and condition factor
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was significantly greater among blue and channel catfish compared to hybrid catfish (Figure
2.3). Survival across all treatment combinations was higher than 96% (Table 2.2).
2.5

Discussion

Growth
Water temperature influences many biochemical and physiological processes of
ectothermic fish, including growth and survival (Reynolds & Casterlin 1979). This study was
conducted to analyze growth of juvenile channel, blue, and hybrid catfish when exposed to
extended cool temperatures. It was hypothesized that growth would be reduced at 10C among
all three fish types, and that hybrid catfish would experience the highest growth among both
treatment temperatures due to their high performance in other studies at various temperatures
(Dunham et al. 1990; Green & Rawles 2011; Bosworth 2012). As hypothesized, prolonged
exposure to 10C reduced both weight and total length gained for channel, blue, and hybrid
catfish. However, hybrid catfish had lower growth than channel or blue catfish at 10C and
20C.
In the current study, channel catfish showed the greatest amount of growth, blue catfish
were intermediate, and hybrid catfish had the least amount of growth when reared in tanks at
20C. Although hybrid catfish were expected to outperform channel and blue catfish due to
heterosis, performance can vary in hybrid catfish depending on strain (Li et al. 2004; Dunham et
al. 2014; Chatakondi et al. 2016). For instance, Dunham et al. (2014) reported hybrid catfish
sired by Rio Grande blue catfish had greater growth than hybrid catfish sired by an Alabama
strain of blue catfish. Therefore, hybrid catfish may have shown better performance had a
different parental strain been used. Moreover, because 20C is below the optimal growth range
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(27-31C) of channel catfish (McCauley & Beitinger 1992; Arnold et al. 2013) and near the
threshold (21C) of inconsistent feeding (Robinson & Li 2001), greater growth in channel catfish
was also unexpected. Studies have shown channel catfish have reduced growth at temperatures ≤
22C compared to warmer water temperatures (i.e., ≥ 26C) (Andrews & Stickney 1972;
Fracalossi & Lovell 1995; Suja et al. 2009). However, channel catfish are resilient to various
environments as they have a broad natural geographical distribution ranging from southern
Canada to northern Mexico (Scott & Crossman 1972). Stewart et al. (2015) found differences in
growth between northern and southern strain channel catfish, implying temperature-related
growth differs geographically. Therefore, the Delta Select strain of channel catfish may be more
resilient to cool temperatures than Delta Elite blue catfish and corresponding hybrid of these two
strains due to potential strain-related differences among the different genetic groups.
Although little is known regarding cool temperature effects on growth of blue and hybrid
catfish, both blue and hybrid catfish have demonstrated poor growth compared to channel catfish
when confined by space, such as in aquaria systems (23-L tank; Small 2006) or cages (3.63-m3;
Dunham et al. 1990). Similarly, Gerhart & Allen (unpublished data) found channel catfish
outgrew blue and hybrid catfish in larger (355-L) tanks. Stewart et al. (2015), found hybrid
catfish showed less weight gain than northern and southern channel catfish at 27-31C but higher
weight gain than the two channel catfish strains at 32-36C in 430-L tanks. Confinement due to
such systems is one potential contributing factor to greater growth in channel catfish in the
current study. When cultured in pond environments where space is not confining, studies have
shown hybrid catfish may outperform channel catfish (Dunham et al. 1990; Li et al. 2004),
although results vary (Bosworth et al. 2004; Jiang et al. 2008). These inconsistencies make it
complicated to determine effects in hybrid catfish without a larger focused study evaluating
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strain differences. Inconsistencies can also result from environmental differences, feeding
regimes, parental stocks, and stocking density (Small 2006), which were controlled for in the
present study. An additional study in a pond environment with the same strains may provide
context where potential confinement would not be a factor.
At 10C, growth performance was reduced compared to 20C among each fish type as
expected. However, hybrid catfish showed the least growth compared to channel and blue
catfish. Few studies have evaluated growth in catfish at low temperatures. At 15.7C, channel
catfish have been noted to have limited growth (Buentello et al. 2000). In a 14-week winter
feeding study in ponds, with a mean water temperature of 10.8C, hybrid catfish had the greatest
weight gain, channel catfish had intermediate weight gain, and blue catfish had the least weight
gain (Bosworth 2012). Bosworth (2012) suggested these differences were due to: (1) reduced
feeding and appetite in blue catfish at cold temperatures, (2) blue catfish tend to swim in tight
schools and swim higher in the water column which reduces scavenging, (3) blue catfish may not
feed as aggressively, and (4) competition related to fish size as larger fish tend to dominate
feeding. Differences between the current study and Bosworth (2012) in hybrid catfish weight
gain may be attributed to strain differences, pond vs tank rearing systems, and stocking density
differences.
Condition Factor and Survival
Condition factor, a combination of length and weight data, measures the relative fatness
of a fish, which ultimately provides insight to the overall well-being. Fish with higher condition
show faster growth and higher survival (Pope & Kruse 2007). Also, condition factor can be vital
to producers as it provides an insightful evaluation on development and energy status. However,
the length-weight relationship being applied should be appropriate for each life stage, as the
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relationship can vary with different developmental stages (Le Cren 1951; Araneda et al. 2008).
In the current study, condition factor was significantly lower at 10C than at 20C and hybrid
catfish had lower condition than both channel and blue catfish. As observed in daily feedings,
these results support fish held at 20C were healthier and eating more, and hybrid catfish had
lower feed intake. Similarly, Small (2006), found fingerling channel catfish had higher condition
factors than blue and hybrid catfish during a 9-week growth study at 26C.
Although cold temperatures can lead to winter kill in catfish production ponds, survival
was high in the current experiment (> 96%). While winter kill may be caused by abrupt
temperature decreases (Bly & Clem 1992), a constant prolonged low temperature was not
problematic for any catfish types in this study. Similarly, other studies on catfish from 0-11C
found high survival (Bosworth 2012; Abass et al. 2016).
2.6

Conclusion
Cold water limits growth and can inhibit maximum production in catfish. The current

study found channel catfish outperformed other catfish types at low temperatures. Regardless of
catfish type, weight gain, length gain and condition factor were greatly reduced at 10C
compared to 20C. This reduction in growth is likely linked to reduced feed intake and
ultimately an overall reduction in metabolic processes. Even with reduced growth during cold
conditions, winter feeding of cultured catfish is an important economic choice by producers that
must be considered in production costs (Bastola et al. 2012; Kumar & Engle 2013). The current
study indicates growth differences are likely minimal among different catfish types at low
temperatures, although winter feeding may improve growth and disease resistance (Nanninga et
al. 2011; Bosworth 2012; Kumar & Engle 2013).
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2.8

Tables

Table 2.1

Mean ± standard error (SE) water quality variables during the 17-week growth
study of juvenile channel (Ictalurus punctatus), blue (I. furcatus), and hybrid (I.
punctatus x I. furcatus) catfish.
10C

20C

Channel

Blue

Hybrid

Channel

Blue

Hybrid

11.80 ±

11.72 ±

11.62 ±

7.87 ±

8.05 ±

8.30 ±

0.15a

0.14a

0.05a

0.08c

0.07bc

0.02b

7.89 ±

7.88 ±

7.94 ±

7.43 ±

7.38 ±

7.51 ±

0.02*ab

0.01*b

0.01*a

0.06ab

0.00b

0.04a

0.90 ±

0.90 ±

0.90 ±

0.91 ±

0.91 ±

0.91 ±

0.01

0.01

0.01

0.00

0.00

0.00

0.20 ±

0.20 ±

0.17 ±

0.35 ±

0.31 ±

0.24 ±

0.01c

0.00bc

0.00c

0.02a

0.03a

0.01b

Unionized
Ammonia
(mg/L)

0.004 ±

0.004 ±

0.004 ±

0.004 ±

0.004 ±

0.004 ±

0.000

0.001

0.000

0.000

0.001

0.000

NO2 (mg/L)

0.043 ±

0.045 ±

0.036 ±

0.118 ±

0.109 ±

0.081 ±

0.006*

0.003*

0.003*

0.026

0.021

0.009

DO (mg/L)

pH

Salinity
(ppt)

TAN (mg/L)

Alkalinity
97 ± 4*
101 ± 2*
95 ± 4*
75 ± 4
79 ± 2
80 ± 5
(mg/L)
Dissolved oxygen (DO), pH, and salinity were recorded daily. Total ammonia nitrogen (TAN),
unionized ammonia, nitrite (NO2), and alkalinity were recorded twice a week. Different letters
indicate significant differences among fish types and asterisk indicates a significant difference
between the two temperatures (two-way ANOVA, P<0.05)
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Table 2.2

Mean ± (SE) channel (Ictalurus punctatus), blue (I. furcatus), and hybrid (I.
punctatus x I. furcatus) catfish weights, lengths and survival by treatment
temperature.
10C

20C

Channel

Blue

Hybrid

Channel

Blue

Hybrid

35.00 ±

60.27 ±

25.08 ±

36.08 ±

61.99 ±

24.92 ±

3.23

5.88

1.62

1.53

3.01

2.55

Initial
Length
(mm)

170 ± 5

197 ± 7

153 ± 3

174 ± 3

199 ± 3

152 ± 4

Final
Weight (g)

50.01 ±

74.69 ±

29.68 ±

216.70 ±

155.82 ±

83.58 ±

1.88

3.11

1.05

6.81

5.33

3.28

178 ± 3

201 ± 3

155 ± 2

278 ± 2

254 ± 3

211 ± 2

97 ± 1.0

100 ± 0.0

100 ± 0.0

99 ± 1.0

99 ± 1.0

97 ± 1.0

Initial
Weight (g)

Final
Length
(mm)
Survival
(%)
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2.9

Figures

Figure 2.1

Mean + standard error (SE) weight gain of juvenile channel (Ictalurus punctatus),
blue (I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish. Different letters
indicate significant differences between temperature and fish types (two-way
ANOVA, Tukey’s HSD post-hoc test, P < 0.05).
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Figure 2.2

Mean + standard error (SE) total length gained of channel (Ictalurus punctatus),
blue (I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish. Different letters
indicate significant differences between temperature and fish types (two-way
ANOVA, Tukey’s HSD post-hoc test, P < 0.05).
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Figure 2.3

Mean + standard error (SE) condition factor of channel (Ictalurus punctatus), blue
(I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish. An asterisk indicates a
significant difference between the two temperatures and different letters indicate
significant differences among the three fish types (two-way ANOVA,
Tukey’s HSD post-hoc test, P < 0.05).
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CHAPTER III
UNDERSTANDING ENERGY USE OF CHANNEL (I. PUNCTATUS), BLUE (I.
FURCATUS) AND HYBRID CATFISH (I. PUNCTATUS X I. FURCATUS)
AT LOW TEMPERATURES THROUGH METABOLIC SCOPE
AND BLOOD METABOLITES
3.1

Abstract
Cultured catfish are subjected to cold temperatures during winter as aquaculture ponds

are relatively shallow (<1.5 m) and experience seasonal fluctuations. Cold temperatures reduce
metabolic processes; however, little is known of comparative differences in metabolic rates,
swimming performance, and blood metabolites among principal types of cultured catfish.
Therefore, metabolic scope, critical swimming speed (Ucrit), and blood metabolites were
analyzed at 10 and 20C in juvenile channel (Ictalurus punctatus), blue (I. furcatus), and hybrid
(I. punctatus x I. furcatus) catfish. It was hypothesized hybrid catfish would have greater
metabolic and swimming performance than channel and blue catfish due to heterosis. However,
metabolic scope and Ucrit did not vary among fish type, but Ucrit was significantly reduced among
all fish types at 10C. Lactate and glucose concentrations were higher and blood pH was lower in
fatigued catfish, with channel catfish generally differing in blood metabolites from blue and
hybrid catfish. Results indicate prolonged exposure to cold temperatures limit metabolic
processes and swimming capacity, ultimately requiring catfish to allocate energetic resources to
maintenance metabolic requirements.
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3.2

Introduction
In ectothermic fishes, water temperature is the most important abiotic factor affecting

physiological processes and overall metabolism (Fry 1947; Brett 1971; Fry 1971; Jensen et al.
1993; Clarke & Johnston 1999). There is a direct relationship between temperature and
metabolic rate (Schmidt-Nielsen 1997; Johnston & Dunn 1987; Clarke & Johnston 1999; Di
Santo & Bennett 2011), with metabolic rate generally increasing by 2-3-fold with every 10C
increase (Q10) until an organism’s physiological thermal limit is met (Jensen et al. 1993;
Schmidt-Nielsen 1997; Di Santo & Bennett 2011). Many warm water fish, when exposed to cold
temperatures, become inactive, stop feeding, consume less oxygen and experience a decrease in
metabolic rate (De Silva et al. 1986; Johnston & Dunn 1987; Fernandes & McMeans 2019).
Even after acclimating to cold temperatures, metabolic rates decrease with a Q10 of 1.6-2.0 as
water temperatures continue to decrease (Fry & Hochachka 1970; Johnston & Dunn 1987). The
relationship between metabolic rate and temperature has long been established for aquatic
(primarily marine) invertebrates, however similar relationships for fish are not as well
understood (Clarke & Johnston 1999). Cold temperature effects on metabolic rates are of
particular interest for temperate fish species inhabiting modified natural habitats and outdoor
aquaculture systems, such as for commercially cultured catfish.
Aquaculture systems for catfish production predominantly use shallow ponds (3-5 surface
hectares; <1.5 m deep) where water temperature changes seasonally and may dramatically
fluctuate daily with changes in air temperature (Steeby & Avery 2002; Arnold et al. 2013). For
instance, Burger et al. (2018) found daily temperature changes up to 7C in small (0.04 ha)
earthen ponds in Mississippi. Although the catfish aquaculture industry is confined mostly to the
southeastern U.S., seasonal pond temperatures can range as low as 4C in winter and up to 38C
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in summer (Bly & Clem 1992). In winter, pond temperatures typically fluctuate between 6-23C,
with extreme cold fronts causing rapid temperature changes up to 9C in 12 hours (Bly & Clem
1992). In northwest Mississippi, the principal location for commercial catfish production in the
U.S., catfish ponds have an average temperature below 15C for about 90 days annually (Tucker
& Hargreaves 2004). These low temperatures reduce feed intake, food conversion efficiency, and
growth in channel catfish (Ictalurus punctatus) (Andrews & Stickney 1972; Robinson et al.
2001; Weber & Bosworth 2005; Suja et al. 2009). Extremely low temperatures and abrupt
decreases in water temperatures also threaten the industry with “winter kill” syndrome, which
can cause substantial mortality in cultured catfish (Bly & Clem 1992). Even naturally, most fish
kills are attributed to low temperatures as opposed to warm (Beitinger et al. 2000). Moreover,
many fish that prefer temperatures ranging from 19 to 30C are believed to lack both
physiological and behavioral mechanisms necessary for sustained activity and energy acquisition
during winter (Fernandes & McMeans 2019).
The catfish aquaculture industry has rapidly increased use of hybrid catfish (I. punctatus
x I. furcatus) to improve the performance in offspring through heterosis by selecting preferred
culture traits from the female channel catfish and male blue catfish (I. furcatus) parental strains
(Zhang et al. 2020). These traits have included rapid growth (Dunham et al. 1987; Dunham et al.
1990; Li et al. 2004), which may be due in part to greater metabolic capabilities (Gerhart et al.
unpublished data). Despite prolonged cold temperature exposure during winter, comparative
metabolic responses in channel, blue and hybrid catfish are not well understood. Yet, cold
temperature effects on metabolism are important for understanding growth and optimizing
productivity (Neill & Bryan 1991; Claireaux & Lefrançois 2007; Fitzgibbon et al. 2007).
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Standard metabolic rate (SMR), maximum metabolic rate (MMR), and metabolic scope
are frequently used metrics to aid in understanding overall fish metabolic responses when
exposed to various environmental factors. The SMR is the minimum rate of oxygen consumption
required to sustain essential homeostatic activities at a given temperature (Job 1957; Brett 1962;
Chabot et al. 2016). For most organisms, physiological functions become impaired, and life
cannot be sustained for long if the metabolic rate falls below the SMR (Job 1957; Smit 1965;
Priede 1985; Claireaux & Chabot 2016; Chabot et al. 2016). Therefore, SMR is important for
understanding metabolism, for measuring changes to environmental stressors, and for deriving
energetic models (Chabot et al. 2016).
In contrast, maximum metabolic rate (MMR) is commonly measured during exercise,
chasing, or swimming performance tests (Clark et al. 2013). The critical swimming speed (Ucrit)
test, or the highest maintained swimming speed, is used to measure MMR and evaluate
swimming performance (Brett 1964; Kolok 1999; Rubio-Gracia et al. 2020). The relationship
between temperature and Ucrit may reflect a bell-shaped curve, with maximized performance at
thermal optimum and diminished performance at extreme temperatures (Brett 1971; Brett &
Glass 1973; McKenzie & Claireaux 2010). At low temperatures, red muscle power production
decreases, requiring compensation from white muscle, resulting in poor swimming performance
(McKenzie & Claireaux 2010).
Metabolic scope, the difference between SMR and MMR, relates to physiological
performance and the energetic capacity to fuel growth, reproduction, locomotion, and other
functions (Fry 1971; Claireaux & Lefranois 2007; Cucco et al. 2012; Clark et al. 2013). When
metabolic scope is maximized, fish performance is also maximized which results in higher
potential for growth and optimum productivity (Fry 1971; Lefrançois & Claireaux 2003; Clark et
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al. 2013). Fish species typically have an optimal temperature range with diminished metabolic
scope and performance outside of this range (Fry 1947; Fry 1971; Mallekh & Lagardère 2002,
Lefrançois & Claireaux 2003; Clark et al. 2013). In addition to overall metabolic rate,
measurements of blood metabolites further the understanding of temperature effects on
metabolism (Lurman et al. 2007). Blood pH, lactate, and glucose are indicative of exhaustive
exercise (Woodward & Smith 1985; Seibel et al. 2021). Red blood cell (RBC) concentration,
hematocrit, and hemoglobin are indicative of aerobic capacity. Understanding hematology is
helpful for understanding how various fishes meet metabolic requirements and could be
beneficial for comparisons among channel, blue, and hybrid catfish in different environments.
Although important for maximizing aquaculture production and understanding environmental
influences, little is known of cold temperature effects on catfish metabolic rates and hematology.
Therefore, the objective of this study was to examine the effects of low temperatures on SMR,
MMR, metabolic scope, swimming performance, and hematological changes in channel, blue,
and hybrid catfish. It was hypothesized hybrid catfish would have greater swimming
performance and larger metabolic scope than channel and blue catfish at low (10C) and
moderate (20C) temperatures due to heterosis.
3.3
3.3.1

Methods
Fish Rearing
Juvenile channel, blue, and hybrid catfish were spawned and reared by the US

Department of Agriculture (USDA) Agricultural Research Service at the Thad Cochran National
Warmwater Aquaculture Center in Stoneville, MS and transported to Mississippi State
University’s South Farm Aquaculture Facility. Channel catfish were from the Delta Select strain
while blue catfish were from the Delta Elite strain and hybrid catfish were produced from the
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same parental strains. The Delta Select strain was established in 2006 and derived from 10
commercial catfish farms for selecting improved growth and carcass yield by the USDA’s
Warmwater Aquaculture Research Unit (Bosworth et al. 2020). The Delta Elite strain was
developed from crossbreeding the four highest performing strains of blue catfish evaluated by
the Warmwater Aquaculture Research Unit (Bosworth & Waldbieser 2020).
Pond temperatures typically fluctuate between 6-23C during the winter (Bly & Clem
1992), with averages below 15C for about 90 days annually (Tucker & Hargreaves 2004).
Bosworth (2012) reported a mean water temperature of 10.8C during a 14-week pond study in
the Mississippi Delta; therefore, 10 and 20C were considered an average and mild temperature,
respectively, and served as the two treatment temperatures for the current study. Fish were
gradually acclimated for two weeks from 27C at the National Warmwater Aquaculture Center
to 20C at the South Farm Aquaculture Facility. After the two-week acclimation, catfish were
measured, weighed, and equally distributed into 18, 355-L tanks, with 50 catfish per tank, across
two independent recirculating aquaculture systems. Each recirculating aquaculture system
consisted of 10 tanks, a sump tank, a header tank, a chilling reservoir and a biofilter.
Temperature was gradually decreased in one recirculating aquaculture system by 1C/day until
10C was reached. Each recirculating aquaculture system was maintained at either 10 or 20C
and consisted of 3 tanks of each fish type randomly distributed, and one empty tank served as a
holding tank for experiments. All tanks were supplied with well water and forced air via air
stones. Salinity was maintained at 1 ppt with marine salt (Instant Ocean, Spectrum Brands, Inc.,
Blacksburg, VA, USA) to reduce disease potential.
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Fish were held at a 12-hour light: 12-hour dark photoperiod. Temperature, dissolved
oxygen, salinity, and pH were measured daily with a dissolved oxygen meter (Pro 2030, YSI
Inc., Yellow Springs, OH, USA) and a pH probe (EcoSense pH100A, YSI Inc.). Alkalinity
(titration), nitrite (diazotization method) and total ammonia nitrogen (TAN; salicylate method)
were measured twice weekly with a colorimeter (DR/850, Hach Company, Loveland, CO, USA).
Water quality was maintained appropriately for channel catfish (Tucker & Robinson 1990)
across all tanks and treatments (Table 3.1). Ammonia only increased above the 0.73 mg/L limit
twice throughout the study. Biofilters were backwashed daily, and tanks were siphoned and/or
scrubbed weekly. All tanks were observed daily, and any dead fish were removed immediately.
Fish were fed daily to satiation with a commercial diet (Fry/Fingerling Catfish Food; Fishbelt
Feeds Inc., Moorhead, MS, USA) consisting of 35% crude protein, 2.5% crude fat, 7% crude
fiber, and 0.4% phosphorus. During the 30-minute feeding, tanks were monitored and if all
pellets were consumed, additional pellets were added until feed consumption ceased, and pellets
remained at the surface. After feeding, remaining pellets were netted and removed from the
tanks.
3.3.2

Standard Metabolic Rate
The SMRs were measured with intermittent respirometry. Four 2.24-L intermittent

respirometers (Loligo Systems, Viborg, Denmark) were used to measure SMR’s of four fish
simultaneously. The respirometers were held in a rectangular, insulated tank filled with 470-L of
well water. To reduce external stimuli, a plastic, mesh cover allowing for visual observations of
fish movement was placed over the tank during all respirometer runs. Inside the tank, the two
treatment water temperatures (10 and 20C) were maintained by chillers (Cyclone Drop-In ½
Hp, Aqua Logic, Inc., San Diego, California). Ten fish of each type from the 10C temperature
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treatment were randomly sampled, and 15 fish of each type were randomly sampled from the
20C temperature treatment, for 75 total samples. All fish were thermally acclimated to the
treatment temperatures for ≥ 2 weeks and were about equally distributed from the three holding
tanks for each temperature. More fish from the 20C temperature treatment were sampled
compared to the 10C temperature treatment due to greater variation in SMR measurements.
In fishes, SMR is typically measured after acclimation to the experimental temperature
when the fish is in a resting, post-absorptive state (Rosenfeld et al. 2015; Chabot et al. 2016).
Therefore, food was withheld for 48 hours by isolating the selected fish in an identical holding
tank within the RAS to ensure a post-absorptive state before being placed into the respirometers.
Individual fish were anaesthetized in a buffered solution (200 mg/L MS-222 with 400 mg/L
NaHCO3), weighed (nearest 0.01 g), and measured (nearest mm). Oxygen consumption was
measured with a fiber-optic oxygen microsensor and T-shaped flow-through cell (PreSensPrecision Sensing GmbH, Regensburg, Germany), a connected meter (Witrox 1/ Witrox 4,
Loligo Systems), and associated computer software (AutoResp version 2.3.0, Loligo Systems).
Oxygen probes were calibrated at 0% oxygen saturation with sodium sulphite (Na2SO3) and
100% oxygen saturation with air saturated water before each run. Respirometer cycles for both
10 and 20C consisted of a 9-minute flush, a 1-minute wait, and a 15-minute measuring period,
with each cycle lasting 25 minutes. Similar to McKenzie (2001), Cutts et al. (2002), and Roche
et al. (2013), for each fish, the three lowest MO2 (mg O2/kg/hr) measurements over 21-24 hours
were recorded and the average was calculated to obtain the SMR. A fin clip was taken from the
anal fin of each fish used in the respirometer to indicate it had been sampled before returning to
the RAS.
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3.3.3

Maximum Metabolic Rate
To measure MMR, a 98-L Blazka-style swim flume with a cylindrical swimming

chamber (100.3 cm length, 15.2 cm diameter) was used. The swim flume was covered on the
observer’s side with a dark, plastic covering to reduce external stimuli. A flow meter and probe
(Flo-Mate 2000, Marsh McBirney Inc., Frederick, Maryland, USA) were used to determine the
water velocity (cm/s) and calibrate to revolutions per minute (RPM) in a tachometer display box.
The RPM measurements for each water velocity were an average of measurements at the bottom,
middle, and top of the swim flume fish chamber. During the swimming tests, oxygen
consumption was measured with a fiber optic oxygen probe (Oxygen Dipping Probe, PreSens), a
connected meter (OXY-1 SMA, PreSens), and associated computer software (Measurement
Studio 2, 3.0.3.1703, PreSens). The oxygen probe was calibrated at 0% and 100% oxygen
saturation prior to placement of each fish into the swim flume.
Six to seven fish of each type were randomly sampled from an approximately equal
distribution of tanks within both the 10 and 20C temperature treatments. Fish were acclimated
to the swim flume overnight at 10 cm/s at the given treatment temperature. To ensure a postabsorptive, a fish was selected and placed in an identical holding tank within the RAS where
food was withheld for 36 hours before placing in the swim flume and 48 hours before the
swimming test. During acclimation, water was continuously recirculated to the flume from an
adjacent circular 200-L tank where temperature was maintained by a chiller (Cyclone Drop-In ½
Hp, Aqua Logic, Inc.) and oxygen by air stones. After overnight acclimation (~12-15 hours) and
before oxygen measurements, the water velocity was increased by 10 cm/s to 20 cm/s for 5
minutes. After 5-minutes, the water velocity was increased again to 30 cm/s. At this point
oxygen measurements began and the recirculating pump connecting the swim flume to the
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adjacent 200-L tank was turned off to prevent oxygenated water from flowing into the swim
flume during the 30-minute measurement period. After the 30-minute measurement period, an
11-minute flush followed, allowing oxygenated water from the 200-L adjacent tank to pump into
the swim flume at 9 L/minute to complete one water turnover. After the 11-minute flush, this 41minute procedure was repeated with increasing water velocities of 10 cm/s. During each
measurement period, tail beat frequency was recorded every 5, 15, and 25 minutes. Tail beat
frequency was determined over 30 seconds, extrapolated to 1 minute, and the averages were used
for each water velocity. The swim test was concluded once the fish fatigued, which was
determined by three uninterrupted 10-second impingements of the fish on the back screen of the
swim flume (per Allen et al. 2021). After each impingement, the timer was paused, and water
velocity was reduced to 0 cm/s to allow the fish to remove itself from the back screen.
Immediately after the fish removed itself from the back screen, the water velocity was increased
to the designated velocity and the timer was resumed.
After completing the swimming test, the fish was anaesthetized in a buffered solution
(200 mg/L MS-222 with 400 mg/L NaHCO3), weighed (nearest 0.01 g), measured (nearest mm),
axis lengths were obtained from the widest points of the body with calipers to the nearest mm, a
fin clip was taken from the anal fin to indicate it had been sampled, and a blood sample was
taken from the caudal vein. Critical swimming velocity (Ucrit) was calculated following Brett
(1964):

Ucrit = Vf + Vi (Tf/Ti)
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(3.1)

where Vf is the final water velocity at which the fish swam the entire 41-minutes; Vi is the
increment of water velocity increase (10 cm/s); Tf is the time swam at the water velocity of
fatigue; and Ti is the time increment for each water velocity (41 minutes). To determine if a
solid-blocking correction was needed for Ucrit calculations, cross-sectional areas of fish were
compared to the flume. For the fish, cross-sectional area was determine using an equation for the
area of an ellipse:

Area = 𝜋 x A x B

(3.2)

where A is the radius of the vertical axis and B is the radius of the horizontal axis. Because the
maximum cross-sections of fish did not exceed 10% of the cross-sectional flume area, no solid
blocking corrections were required (Bell and Terhune 1970).
Using measures of oxygen consumption and fish weights, metabolic rates (MO2) were
calculated for each fish at each water velocity using Cech (1990):

MO2 = (slope × solubility coefficient × flume volume)/fish mass)

(3.3)

where slope is derived from the oxygen consumption rate over the 30-minute measurement
period, the solubility coefficient is oxygen’s solubility in water (0.439 mg O2/L/kPa across
trials), the flume volume is the difference between the full flume volume (98 L) and the fish
volume (converted from grams to mL), and the fish’s mass (nearest 0.01 g). The highest
metabolic rate before fatigue for each fish served as the maximum metabolic rate for that sample.
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3.3.4

Aerobic Metabolic Scope for Activity
To calculate aerobic metabolic scope for each treatment, two different methods were

used. The first method consisted of averaging the SMRs and MMRs for each treatment and fish
type. The difference between the average standard and average maximum metabolic rates were
used to calculate the metabolic scope (Clark et al. 2013). The second method consisted of
extrapolating the SMR from MMR measurements from each fish (Parsons & Sylvester Jr. 1992;
Clark & Seymour 2006; Cucco et al. 2012; Allen et al. 2021). The measured and extrapolated
SMRs were compared between the two methods to evaluate existing variation between the two
methods.
3.3.5

Blood
Blood samples were simultaneously collected from fatigued and non-fatigued fish in

post-absorptive states (i.e., not fed for 48 hours). For each temperature treatment, 6-7 fatigued
and non-fatigued fish of each type were randomly sampled, for 78 total samples. Immediately
after a fish had fatigued in the swimming flume, it was removed and anaesthetized in buffered
solution (200 mg/L MS-222 with 400 mg/L NaHCO3) and a non-fatigued fish was sampled from
the holding tank in the same manner. After losing equilibrium, fish were placed into a supine
position on a wet sponge and the caudal peduncle was dried. Blood samples (~0.5 mL) were
collected from the caudal vein with two different methodologies depending on the temperature
treatment, due to smaller sizes and blood clotting quicker in fish acclimated to 10C. A
heparinized syringe or vacutainer and a 22 to 25-gauge hypodermic needle were used to collect
blood samples from fish acclimated to 20C. In fish acclimated to 10C, the caudal fin was
severed posterior to the anal fin and blood was collected with a heparinized hematocrit tube
directed into a 1.5-mL microcentrifuge tube. Immediately after sampling, blood was placed on
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ice and the fish was weighed (nearest 0.01 g), measured (nearest mm), and for fish at 20C, a fin
clip was taken from the anal fin to indicate it had been sampled.
Immediately after collection, pH was measured in whole blood with a microelectrode
(Accumet AB15, Fisher Scientific, Hampton, NH, USA) and a water bath set at the treatment
temperature. Hematocrit (Hct), hemoglobin (Hb), RBC, mean corpuscular volume (MCV), mean
corpuscular Hb (MCH), and mean corpuscular Hb concentration (MCHC) were also measured
from whole blood. Hemoglobin was analyzed with Drabkin’s reagent (Sigma-Aldrich, St. Louis,
MO, USA) and RBC counts were determined with a hemocytometer (1:200 dilution with saline).
From the whole blood samples, 50-200 μL was transferred to a 0.6-mL microcentrifuge tube and
centrifuged for 3 minutes at 2,795 RCF. Plasma was collected, stored at -80C and used later to
measure lactate and glucose. Lactate was analyzed with an L-Lactate Assay Kit (Biomedical
Research Service & Clinical Application A-108S/L, Buffalo, NY, USA) and glucose was
analyzed with a Glucose Assay Kit (BioAssay Systems, QuantiChrom Glucose Assay Kit
(DIGL-100), Hayward, CA, USA).
3.3.6

Statistical Analysis
All statistical analyses were performed with SAS® version 9.4 (SAS Institute Inc., Cary,

North Carolina, USA). Dixon’s Q tests at 95% confidence intervals were used to test for outliers,
with no more than one outlier removed from each treatment combination group. Acclimation
tanks were analyzed for a tank effect on SMR, MMR, and Ucrit. No differences were found, so
fish were considered replicates in analyses. To determine if fish weights for each treatment
combination within and between SMR and MMR/Ucrit experiments were similar, a three-way
analysis of variance (ANOVA) was used. Although there were significant differences in fish
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weight (Table 3.2), SMR and MMR data were adjusted to fish weight. A one-way ANOVA with
fish type (channel, blue, and hybrid) as a fixed factor was used to analyze metabolic scope at
20C. A two-way ANOVA with temperature (10 or 20C) and fish type (channel, blue, and
hybrid) as fixed factors was used to analyze SMR and MMR. A two-way analysis of covariance
(ANCOVA) with temperature (10 or 20C) and fish type (channel, blue, and hybrid) as fixed
factors and weight as a covariate was used to analyze Ucrit since data were not adjusted for
differences in fish weight. A three-way ANOVA with temperature (10 or 20C), fish type
(channel, blue, and hybrid), and exercise (fatigued or non-fatigued) as fixed factors was used to
analyze blood pH, lactate, glucose, and hematological variables. If the overall ANOVA or
ANCOVA was significant, Tukey’s Honestly Significant Difference (HSD) post-hoc tests were
used to determine treatment-level differences between factors. Unpaired two-tailed Student’s ttests were used to compare the two SMR sampling methods within fish types. In all cases,
significance was determined at P ≤ 0.05. Data are reported as mean ± standard error (SE) unless
noted otherwise.
3.4

Results

Standard Metabolic Rate
For SMR, the interaction between temperature and fish type was not significant
(ANOVA: F2,68=1.79, P=0.1755), whereas the two main effects of temperature (ANOVA:
F1,68=208.09, P<0.0001) and fish type (ANOVA: F2,68=5.54, P=0.0059) were significant. At
20C, SMR was greater than at 10C, and hybrid catfish had greater SMR’s than channel and
blue catfish (Figure 3.1).
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Maximum Metabolic Rate
For MMR, the interaction between temperature and fish type was significant (ANOVA:
F2,31=5.01, P=0.0130). At 10C, channel and blue catfish had significantly lower MMR’s
compared to channel and blue catfish at 20C; however, hybrid catfish MMR’s were not
different between the two temperatures (Figure 3.1).
Metabolic Scope
For metabolic scope at 10C, hybrid catfish had the largest numerical metabolic scope,
channel catfish had an intermediate numerical metabolic scope, and blue catfish had the smallest
numerical metabolic scope (Figure 3.1). At 20C, channel catfish had the largest numerical
metabolic scope, hybrid catfish had an intermediate numerical metabolic scope, and blue
numerical catfish had the smallest metabolic scope (Figure 3.1).
Extrapolated Metabolic Scope
Extrapolated metabolic scopes for the 10C temperature treatment were not able to be
calculated due to fish fatiguing too rapidly. At 20C, extrapolated metabolic scopes were not
significantly different among fish types (ANOVA: F2,16=0.32, P=0.7336, Figure 3.2).
Critical Swimming Speed
For Ucrit, the interaction between temperature and fish type was not significant
(ANCOVA: F2,31=0.08, P=0.9263) nor was the main effect of fish type (ANCOVA: F2,31=0.10,
P=0.9084). However, the main effect of temperature was significant (ANCOVA: F1,31=128.34,
P<0.0001), with Ucrit greater at 20C than at 10C (Figure 3.3). The covariate of weight was not
significant (ANCOVA: F1,31=0.00, P=0.9478).
Comparing SMR Methodologies
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For channel catfish (Student’s t-test: t5.4=-1.65, P=0.1552), blue (Student’s t-test: t19=1.50, P=0.1494), and hybrid catfish (Student’s t-test: t6.7=-0.89, P=0.4056) the intermittent
chambers and extrapolation methods were not significantly different regarding SMR (Table 3.3).
Blood
For pH, the interaction among temperature, fish type, and exercise was not significant
(ANOVA: F2,65=0.47, P=0.6254) nor was the interaction between temperature and exercise
(ANOVA: F1,65=3.49, P=0.0663). However, the interaction between fish type and exercise was
significant (ANOVA: F2,65=3.65, P=0.0315), where non-fatigued blue and hybrid catfish had
higher blood pH and fatigued channel and hybrid catfish had lower blood pH (Figure 3.4). The
interaction between temperature and fish type was also significant (ANOVA: F2,65=10.62,
P=0.0001), where channel catfish acclimated at 20C had the lowest blood pH (Figure 3.5).
For lactate, all interactions were not significant. However, main effects of temperature
(ANOVA: F1,61=15.40, P=0.0002), fish type (ANOVA: F2,61=7.27, P=0.0015), and exercise
(ANOVA: F1,61=84.01, P<0.0001) were significant. Lactate concentrations were higher in catfish
acclimated at 20C (130%) compared to 10C and in fatigued fish (41%) compared to nonfatigued fish. Also, channel catfish had higher lactate concentrations compared to blue and
hybrid catfish (Figure 3.6).
For glucose, the interaction among temperature, fish type, and exercise was significant
(ANOVA: F2,63=5.50, P=0.0063). Fatigued channel catfish acclimated at 20C had the highest
glucose concentrations (Figure 3.7).
For hematocrit, the interaction among temperature, fish type, and exercise was not
significant (ANOVA: F2,63=0.71, P=0.4968). However, the interaction between fish type and
exercise was significant (ANOVA: F2,63=3.45, P=0.0378), where fatigued channel catfish had the
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highest hematocrit values (Table 3.4). The interaction between temperature and exercise was also
significant (ANOVA: F1,63=7.53, P=0.0079), where fatigued catfish at 20C had higher
hematocrits, non-fatigued catfish acclimated at 20C had moderate levels, and both fatigued and
non-fatigued catfish acclimated at 10C had lower hematocrits (Table 3.4). The interaction
between temperature and fish type was also significant (ANOVA: F2,63=6.46, P=0.0028), where
channel catfish acclimated at 20C had the highest hematocrits (Table 3.4).
For RBC counts, the interaction among temperature, fish type, and exercise was not
significant (ANOVA: F2,63=1.35, P=0.2668) nor was the interaction between fish type and
exercise (ANOVA: F2,63=2.88, P=0.0635), or the interaction between temperature and fish type
(ANOVA: F2,63= 5.99, P=0.0932). However, the interaction between temperature and exercise
was significant (ANOVA: F1,63=4.32, P=0.0417), where fatigued catfish acclimated at 20C had
the highest RBC counts, non-fatigued catfish acclimated at 20C had intermediate RBC counts,
and both fatigued and non-fatigued catfish acclimated at 10C had the lowest RBC counts (Table
3.4). The main effect of fish type was also significant (ANOVA: F2,63=5.99, P=0.0041), where
hybrid catfish had lower RBC counts than channel and blue catfish (Table 3.4).
For hemoglobin, the interaction among temperature, fish type, and exercise was not
significant (ANOVA: F2,62=0.80, P=0.4521). However, the interaction between fish type and
exercise was significant (ANOVA: F2,62=3.76, P=0.0288), where fatigued channel catfish had the
highest hemoglobin levels (Table 3.4). The interaction between temperature and exercise was
also significant (ANOVA: F1,62=6.49, P=0.0133), where fatigued catfish acclimated at 20C had
the highest hemoglobin, non-fatigued catfish acclimated at 20C had intermediate levels, and
both fatigued and non-fatigued catfish acclimated at 10C had the lowest hemoglobin (Table
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3.4). The interaction between temperature and fish type was also significant (ANOVA:
F2,62=4.08, P=0.0217), where channel catfish acclimated at 20C had the highest hemoglobin and
hybrid catfish acclimated at 10C had the lowest hemoglobin (Table 3.4).
For MCV and MCHC there were no significant interaction effects or main effects. For
MCH, no interaction effects were significant, but the main effect of temperature was significant
(ANOVA: F1,61=14.53, P=0.0003), where catfish acclimated at 20C had higher MCH than
catfish acclimated at 10C (Table 3.4).
3.5

Discussion
Cold water influences many physiological processes of ectothermic fish, including feed

intake, growth, and metabolic rate (De Silva et al. 1986; Johnston & Dunn 1987; Fernandes &
McMeans 2019). Despite cold temperatures in catfish aquaculture systems, little is known
regarding their comparative effects on metabolic processes and hematology of channel, blue, and
hybrid catfish. As hypothesized, temperature had a direct effect on metabolism and swimming
performance, as SMR and Ucrit for all fish types were reduced at 10C compared to 20C. Both
MMR and metabolic scope had a clear temperature effect in channel and blue catfish, declining
at 10C, while there were no differences among fish types at 20C. At 20C, hybrid catfish had
greater SMRs, but similar MMRs and metabolic scopes compared to channel and blue catfish,
whereas swimming performance did not vary among fish type. Ultimately, hybrid catfish did not
demonstrate greater metabolic capabilities at 20C, and at 10C, their greater MMR and
metabolic scopes are likely attributed to smaller body size. In terms of blood comparisons,
channel catfish differed from blue and hybrid catfish notably in greater lactate and glucose, and
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lower blood pH. There was also a temperature effect, where fish at 20°C tended to have greater
Hct, and RBC and Hb concentrations than fish at 10°C.
In the current study, at 10C SMR was reduced, and MMR was reduced in channel and
blue catfish, while hybrid catfish had elevated MMRs. In fish, SMR has been shown to
exponentially increase with increasing temperature, whereas MMR increases with temperature
until it plateaus or decreases near upper tolerance limits (Brett 1971; Fry 1971; Taylor et al.
1997; Farrell 2007; McKenzie & Claireaux 2010). When comparing fish types, hybrid catfish
had greater SMRs than channel and blue catfish at both temperatures. It is possible these results
could be due to smaller body sizes in hybrid catfish, as smaller fish typically have higher
metabolic rates compared to larger fish (Fernandes & McMeans 2019). Unlike the current study,
at warmer temperatures (23 and 33C) blue catfish had higher SMR than channel and hybrid
catfish (Gerhart et al. unpublished data). Naturally, blue catfish are the most migratory Ictalurid
(Graham 1999) and although not quantified, visual observations indicate blue catfish
continuously swim in schools throughout the water column when reared in tanks (Gerhart et al.
unpublished data; Vaughn et al. unpublished data). Perhaps these behaviors prevent blue catfish
from reaching true basal metabolic rates in tanks. In contrast to SMR, at 20C there were no
differences in MMRs among fish types, whereas at 10C hybrid catfish had greater MMRs than
channel and blue catfish. The elevated MMRs in hybrid catfish at 10C are likely due to their
smaller body sizes compared to the other fish types (Fernandes & McMeans 2019), although at
warmer temperatures (23 and 33C), Gerhart et al. (unpublished data) also found hybrid catfish
had greater MMRs than channel and blue catfish which had similar MMRs.
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Similar to MMR, at 20C there were no differences in metabolic scope among fish types,
yet at 10C hybrid catfish had greater MMRs than channel and blue catfish. In the current study,
metabolic scope was calculated with two methods: (1) averaging SMR and MMR for each
treatment combination and subtracting these values and (2) extrapolating SMR from MMR of
each fish. A limitation of the first method is a single value is generated, meaning statistical
analysis cannot be conducted; whereas a strength is actual measurements of SMR are used. With
this method, at 20C metabolic scope did not appear to differ among the three fish types, and at
10C, hybrid catfish had a higher numerical metabolic scope than channel and blue catfish. With
the second method, two limitations are SMR is estimated, and fish must swim at multiple
velocities to be able to accurately estimate SMR via extrapolation. With the second method,
metabolic scopes did not differ among the three fish types at 20C, however, at 10C fish
fatigued too rapidly to derive extrapolation estimates of SMR. At 20C, the extrapolation method
resulted in greater error than the intermittent chambers used for the first method, however, SMR
was similar between both methodologies for all fish types. Previous studies have found
extrapolating SMR may be accurate for moderately active to active species, such as Atlantic cod
(Gadus morhua) and American shad (Alosa sapidissima) (Schurmann & Steffensen 1997;
Leonard et al. 1999), but not as well suited for sedentary benthic species such as flatfish (Duthie
1982).
Although hybrid catfish were expected to have greater metabolic scopes than channel and
blue catfish, there were no differences among fish types at 20C. It is possible a different strain
of channel or blue catfish could contribute to a different response in hybrid catfish, since
previous studies have identified large influences of strain on growth (Li et al. 2004; Dunham et
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al. 2014; Chatakondi et al. 2016). At 10C, hybrid catfish had greater numerical metabolic
scopes than channel and blue catfish, although their smaller body sizes may have elevated MMR
and masked the clear temperature effect observed in channel and blue catfish. Gerhart et al.
(unpublished data) found metabolic scope was most influenced by MMR compared to SMR.
Swimming performance was directly related to temperature, with Ucrit reduced at 10C
compared to 20C in all fish types. Swimming performance is usually maximized at an optimum
temperature for a given species and decreases as the temperature rises or falls past the optimum
(Hocutt 1973; Beamish 1978; Pörtner & Knust 2007; Pörtner & Farrell 2008; Pörtner 2010;
Clark et al. 2013; Heuer et al. 2021). Results from the current study support extreme water
temperature limits swimming performance with Ucrit reduced at 10C in all fish types. Also,
swimming performance and metabolic scope are closely related (Brett 1964; Reidy et al. 2000;
Claireaux et al. 2006; McKenzie & Claireaux 2010), with swimming performance increasing at
increased temperatures due to greater metabolic scopes (Hocutt 1973; Beamish 1978; Pörtner &
Knust 2007; Pörtner & Farrell 2008; Pörtner 2010; Clark et al. 2013; Heuer et al. 2021).
Therefore, reduced metabolic scopes likely attributed to poor swimming performance at 10C in
the current study.
Also, reduced body size and feed intake were observed in fish acclimated at 10C
(Vaughn et al. unpublished data (Chapter II)) which likely limited swimming capacity through
available energy reserves. Body size can greatly influence swimming capacity (Kieffer 2000;
Rubio-Gracia et al. 2020). Furthermore, Rubio-Gracia et al. (2020) stated body mass is
potentially the best predictor of swimming capacity within a species, as it is directly related to
body volume and swimming thrust. For instance, salmonid studies have shown anaerobic
capacity increases with body size due to a greater muscle energy storage of ATP and glucose
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(Kieffer 2000). Therefore, it is likely swimming performance was diminished at 10C due to a
combination of reduced metabolic scope, low energy reserves, and smaller body sizes.
In the present study, there were no differences in swimming performance among the
different fish types at 10 or 20C. At 20C, Ucrit ranged from 50.89 cm/s to 62.28 cm/s among
channel, blue, and hybrid catfish with an average weight and total length of about 100 g and 222
mm, respectively. These values are comparable to previous studies on channel and blue catfish.
Hocutt (1973) found 140-154 mm channel catfish at 30C had a Ucrit of 61.27 cm/s but when
exposed to a rapid 10C temperature decline to 20C, Ucrit decreased to 48.77 cm/s. A more
recent study indicated about 100-g channel catfish had an average Ucrit of 59.3 cm/s while blue
catfish had an average Ucrit of 51.6 cm/s from 19 to 21C (Beecham 2004).
Exhaustive exercise requires fish to use both aerobic and anaerobic metabolic resources
(Kieffer 2000; Lurman et al. 2007). Understanding how blood metabolites respond to exercise
and temperature in different catfish types is important for understanding energy use. Results
from the current study indicate acidosis after exercise based on increased blood lactate and
decreased pH (Black et al. 1959; Cameron & Cech, Jr. 1990; Wood 1991). In fish, lactate rapidly
increases after exercise, peaking 2-4 hours later, and then returns to normal 12-24 hours later
(Black et al. 1959; Black et al. 1962; Cameron & Cech, Jr. 1990; Beecham et al. 2007; Rees et
al. 2009). As expected, blood lactate was higher in fatigued fish compared to non-fatigued fish in
the current study but interestingly blood lactate was highest in channel catfish. Correspondingly,
blood pH was lowest in fatigued and non-fatigued channel catfish at 20C, suggesting channel
catfish may use more anaerobic energy to sustain swimming. Moreover, when looking only at
fatigued fish, channel and hybrid catfish across both 10 and 20C had lower blood pH than blue
catfish. Caillouet, Jr. (1967) showed lactic acid of unexercised channel catfish acclimated to 1462

15C ranged from 0.26-0.84 mM, increased to 2.34-4.90 mM after 5 minutes of exercise, and
increased to 6.56-7.50 mM after 15 minutes of exercise. Initial lactate from Caillouet, Jr. (1967)
is lower than non-fatigued channel catfish in the current study; however, both studies reported
elevated lactate after exercise. Similarly, Beecham et al. (2007) reported lactate concentrations
were higher after exercise and gradually declined to pre-exercise levels after 4 hours in channel
and blue catfish. Lactate in the current study was also higher at 20C compared to 10C.
Caillouet, Jr. (1967) found similar results where lactate was generally higher in both exercised
and unexercised juvenile channel catfish at warmer temperatures (19C) compared to cooler
temperatures (15C).
Like lactate, glucose concentrations were higher in fatigued catfish compared to nonfatigued catfish. Similar to the current study, Beecham et al. (2007) concluded glucose increased
after exhaustive exercise and returned to pre-exercise levels after 4 hours in channel and blue
catfish fingerlings acclimated to 18-22C. Increased glucose occurs after exercise due to the
breakdown of glycogen through glycogenolysis (Suarez & Mommsen 1987; Barton & Iwama
1991; Wood 1991; Wendelaar Bonga 1997; Beecham et al. 2007). Here, fatigued channel catfish
at 20C had the highest glucose concentrations. Similarly, Beecham et al. (2007) reported
channel catfish generally had higher glucose concentrations than blue catfish, although they
never differed statistically.
Hematocrit, RBC abundance, and hemoglobin concentration also showed a similar
pattern, where fatigued catfish at 20C had the highest values, non-fatigued catfish acclimated at
20C had moderate levels, and both fatigued and non-fatigued catfish acclimated at 10C had the
lowest values. These results suggest temperature and exercise resulted in hematological
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differences. Water temperature is the primary factor affecting physiological processes in fish
(Fry 1947; Brett 1971; Fry 1971; Jensen et al. 1993; Clarke & Johnston 1999) and has been
shown to influence these hematological variables (Zhang & Kieffer 2014; Sambraus et al. 2017;
Ashaf-Ud-Doulah, et al. 2020; Siebel et al. 2021). In the present study, condition factor was
reduced at 10C (Vaughn et al. unpublished data (Chapter II) which may also indicate decreased
energy stores, which may reduce hematocrit and hemoglobin (Tavares-Dias & Moraes 2007;
Witeska 2015; Siebel et al. 2021). Similarly, Tavares-Dias & Moraes (2007) found wellnourished fingerling channel catfish had higher hematocrits than poorly fed fingerlings. These
hematological variables may also have increased to facilitate increased metabolic output during
prolonged exercise during the Ucrit test (Cech Jr. et al. 1996; Mendiola et al. 1997; Groff & Zinkl
1999). Similar to the temperature effect observed for hemoglobin, MCH was lower in catfish
acclimated at 10C. When comparing catfish types, channel catfish generally had higher
hematocrits and hemoglobin than blue or hybrid catfish, supporting the observation channel
catfish generally differ from blue and hybrid catfish in both hematology and blood metabolites.
3.6

Conclusion
Prolonged low temperature reduces metabolic rate, blood energy metabolites,

hematological variables, and physiological performance in catfish. These patterns were generally
found in channel, blue and hybrid catfish, although hybrid catfish differed somewhat in
metabolic rate, possibly due to smaller body sizes. For measuring SMR, we recommend
intermittent respirometry over extrapolation due to benefits of direct measurement and greater
precision. Also, channel catfish generally differed from blue and hybrid catfish in blood
metabolites and hematological variables, suggesting energy management and recovery from
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exhaustive exercise may differ among fish types. Future studies are needed to investigate other
physiological characteristics to create a holistic bioenergetic model to further the understanding
among performance and energetic demands of channel, blue, and hybrid catfish in different
environments.
3.7
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3.8

Tables

Table 3.1

Mean ± standard error (SE) water quality variables of juvenile channel (Ictalurus
punctatus), blue (I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish.
10C

DO
(mg/L)

pH

Salinity
(ppt)
TAN
(mg/L)

NH3
(mg/L)

NO2
(mg/L)

20C

Channel

Blue

Hybrid

Channel

Blue

Hybrid

11.15 ±

11.12 ±

11.02 ±

7.75 ±

8.12 ±

8.42 ±

0.12c

0.16b

0.09b

0.15a

0.11a

0.05a

7.89 ±

7.89 ±

7.96 ±

7.43 ±

7.39 ±

7.53 ±

0.04*b

0.01*b

0.01*a

0.06b

0.01b

0.03a

0.9 ± 0.0

0.9 ± 0.0

0.9 ± 0.0

0.8 ± 0.0* 0.8 ± 0.0* 0.8 ± 0.0*
0.20 ±

0.20 ±

0.18 ±

0.36 ±

0.32 ±

0.24 ±

0.00d

0.01cd

0.00d

0.02a

0.03b

0.01cd

0.003 ±

0.003 ±

0.009 ±

0.004 ±

0.004 ±

0.004 ±

0.000*

0.000*

0.003*

0.001

0.001

0.000

0.040 ±

0.042 ±

0.034 ±

0.112 ±

0.100 ±

0.081 ±

0.004*

0.002*

0.002*

0.022

0.017

0.009

Alkalinity
97 ± 4*
101 ± 2*
95 ± 4*
75 ± 4
79 ± 2
80 ± 5
(mg/L)
Dissolved oxygen (DO), pH, and salinity were recorded daily. Total ammonia nitrogen (TAN),
unionized ammonia, nitrite (NO2), and alkalinity were recorded twice weekly. Different letters
indicate significant differences among fish types and asterisk indicates a significant difference
between the two temperatures (two-way ANOVA, P<0.05).
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Table 3.2

Mean ± standard error (SE) weight (g) of juvenile channel (Ictalurus punctatus),
blue (I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish within different
experiments.
10C

SMR

MMR/Ucrit

20C

Channel

Blue

Hybrid

Channel

Blue

Hybrid

42.34 ±

66.46 ±

30.60 ±

87.27 ±

81.33 ±

67.42 ±

2.27c

4.79b

3.44c

5.59a

6.54ab

5.15b

68.34 ±

74.16 ±

40.58 ±

119.33 ±

121.56 ±

64.42 ±

4.63*a

6.68*a

6.55*b

5.37a

11.18a

5.56b

Different letters indicate significant differences among fish types and asterisk indicates a
significant difference between the two temperatures (three-way ANOVA, P<0.05).
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Table 3.3

Mean ± standard error (SE) standard metabolic rates (SMRs) obtained by
intermittent chambers and extrapolation of juvenile channel (Ictalurus punctatus),
blue (I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish acclimated to 20C.
Intermittent Chambers

Extrapolation

Channel

110.5 ± 5.6

155.5 ± 26.8

Blue

129.2 ± 10.4

162.0 ± 23.1

Hybrid

140.3 ± 6.0

163.2 ± 25.1

68

Table 3.4

Mean ± standard error (SE) blood metabolites and hematological variables of non-fatigued (N) and fatigued (F) juvenile
channel (Ictalurus punctatus), blue (I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish acclimated to 10 and
20C.

10C
Channel
N
pH

F

20C

Blue
N

Hybrid

F

N

F

Channel
N

F

Blue
N

Hybrid

F

N

F

7.62

7.40

7.65

7.50

7.67

7.35

7.29

7.20

7.55

7.42

7.59

7.37

± 0.05

± 0.05

± 0.01

± 0.04

± 0.03

± 0.04

± 0.03

± 0.03

± 0.02

± 0.05

± 0.02

± 0.03

Lactate

5.3

12.6

4.4

9.2

3.5

12.5

12.5

16.5

5.6

14.1

3.4

14.8

(mM)

± 0.6

± 2.2

± 0.6

± 2.5

± 0.6

± 1.0

± 1.3

± 2.2

± 0.8

± 1.6

± 0.4

± 1.0

Hct

20

25

22

19

21

19

35

42

29

32

26

31

(%)

±1

±1

±1

±2

±2

±1

±2

±3

±2

±1

±1

±1

RBC

1.1

1.3

1.4

1.1

1.1

1.1

1.9

2.0

1.7

1.8

1.4

1.7

(1012 cells/L)

± 0.06

± 0.05

± 0.09

± 0.09

± 0.12

± 0.07

± 0.08

± 0.10

± 0.04

± 0.08

± 0.12

± 0.09

Hb

7.3

8.5

8.3

7.0

6.9

6.2

12.7

14.4

11.2

11.6

10.1

11.5

(g/dL)

± 0.4

± 0.4

± 0.4

± 0.6

± 0.4

± 0.4

± 0.6

± 0.3

± 0.7

± 0.3

± 0. 7

± 0.4
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Table 3.4 (continued)

10C
Channel

20C

Blue

Hybrid

Channel

Blue

Hybrid

N

F

N

F

N

F

N

F

N

F

N

F

MCV

177.1

193.2

159.4

179.5

211.8

169.9

189.6

211.2

174.0

180.6

188.3

179.5

(fL)

± 4.1

± 9.1

± 4.7

± 22.0

± 38.2

± 19.6

± 8.0

± 11.0

± 6.3

± 5.7

± 9.5

± 10.8

MCH

63.8

66.5

60.2

63.7

62.8

55.1

68.8

70.5

67.9

65.0

71.8

67.4

(pg/cell)

± 2.0

± 3.4

± 2.5

± 2.0

± 4.9

± 4.5

± 2.1

± 2.7

± 1.8

± 1.5

± 2.6

± 3.7

MCHC

36.1

34.5

37.8

38.5

32.5

33.7

36.4

33.1

38.4

36.1

38.4

37.6

(g/dL)

± 1.0

± 1.2

± 1.1

± 5.1

± 2.9

± 1.9

± 0.8

± 1.0

± 1.0

± 0.7

± 1.2

± 0.8
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3.9

Figures

Figure 3.1

Mean + standard error (SE) of (A) standard metabolic rate (SMR), (B) maximum
metabolic rate (MMR), and (C) metabolic scope of juvenile channel (Ictalurus
punctatus), blue (I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish.
Different letters indicate significant differences between the three fish types and an
asterisk indicates a significant difference between the two temperatures (two-way
ANOVA, Tukey’s HSD post-hoc test, P < 0.05).
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Figure 3.2

Mean + standard error (SE) extrapolated metabolic scope of juvenile channel
(Ictalurus punctatus), blue (I. furcatus), and hybrid (I. punctatus x I. furcatus)
catfish (two-way ANOVA, Tukey’s HSD post-hoc test, P < 0.05).
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Figure 3.3

Mean + standard error (SE) absolute critical swimming velocity (Ucrit) of juvenile
channel (Ictalurus punctatus), blue (I. furcatus), and hybrid (I. punctatus x I.
furcatus) catfish. An asterisk indicates a significant difference between the two
temperatures (two-way ANCOVA, covariate = weight, P < 0.05)
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Figure 3.4

Mean + standard error (SE) blood pH of non-fatigued and fatigued juvenile
channel (Ictalurus punctatus), blue (I. furcatus), and hybrid (I. punctatus x I.
furcatus) catfish. Different letters indicate significant differences between the three
fish types (three-way ANOVA, Tukey’s HSD post-hoc test, P < 0.05).
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Figure 3.5

Mean + standard error (SE) blood of juvenile channel (Ictalurus punctatus), blue
(I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish. Different letters
indicate significant differences between the three fish types (three-way ANOVA,
Tukey’s HSD post-hoc test, P < 0.05).
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Figure 3.6

Mean + standard error (SE) lactate of juvenile channel (Ictalurus punctatus), blue
(I. furcatus), and hybrid (I. punctatus x I. furcatus) catfish. Different letters
indicate significant differences between the three fish types (three-way ANOVA,
Tukey’s HSD post-hoc test, P < 0.05).
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Figure 3.7

Mean + standard error (SE) glucose of non-fatigued (N) and fatigued (F) juvenile
channel (Ictalurus punctatus), blue (I. furcatus), and hybrid (I. punctatus x I.
furcatus) catfish acclimated at 10 and 20C. Different letters indicate significant
differences between the three fish types (three-way ANOVA, Tukey’s HSD posthoc test, P < 0.05).
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CHAPTER IV
UNDERSTANDING THE RELATIONSHIP AMONG ACCELERATION, METABOLISM,
AND TAIL BEAT FREQUENCY OF CHANNEL CATFISH (I. PUNCTATUS)
DURING CRITICAL SWIMMING SPEED TESTS
4.1

Abstract
Accelerometers collect real-time, high-resolution data over extended time periods

providing insight into behavior, movement, and physiology of free-swimming animals in captive
or natural environments. Acceleration can be used as a proxy for metabolism, providing useful
information for aquaculture by informing bioenergetic models and indices of fish welfare.
However, defining the acceleration-metabolic relationship for species of interest is a critical first
step before this information can be applied. Because catfish aquaculture has a large economic
impact in the USA, examining the use of acceleration as a proxy for continuous measures of
metabolism could prove beneficial. Here, accelerometers were used in channel catfish (Ictalurus
punctatus) to examine the relationship between acceleration as measured by overall dynamic
body acceleration (ODBA) and metabolism, with tail beat frequency (TBF) used to validate
ODBA measurements during swimming performance tests. Relationships were found between
these three variables and increasing water velocities, with ODBA experiencing the greatest
change (3.2-fold), and TBF experiencing the least change (1.5-fold) with each increase in water
velocity. There was also a clear relationship between ODBA and metabolism. Results in this
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study show accelerometers can act as a proxy for metabolic measures and provide the basis for
further applications in bioenergetic modeling to benefit the aquaculture industry.
4.2

Introduction
Technological advances in biologging have greatly improved the ability to understand

animal responses to changing environments through the monitoring of behavior, movement, and
physiology. Providing high-resolution data in real-time over extended periods (Thorsteinsson
2002), measures of acceleration can be used to determine behaviors for a variety of species. For
instance, Studd et al. (2019) showed free-ranging snowshoe hares (Lepus americanus) spent
~50% of their time foraging and ~50% not moving, with most foraging and feeding occurring at
night. Depth loggers can also provide useful information on animal movement. Zimmer et al.
(2011) found middle age little penguins (Eudyptula minor) had shorter dive durations and
exhibited less dive effort compared to penguins of other ages, ultimately concluded middle age
little penguins are better foragers. Finally, heart rate monitors can add insight into physiological
plasticity. Canada lynx (Lynx canadensis) demonstrated limited metabolic responses to extreme
cold and moderate snow depths in the subarctic (Menzies et al. 2022). It is evident new age
biologging technology allows for fine-scale glimpses into the lives of animals.
Recording and obtaining fine-scale information about the lives of free-swimming animals
has proved more difficult. Beginning with a capillary tube to record the depth of a diving
harpooned fin whale (Balaenoptera physalus, Kooyman 2004), data collection has evolved into
small, electronic tags that can be attached to or surgically implanted into an animal’s body. Yet,
the use of these tag types among different taxa is still extremely disproportionate as mammals
constituted 45.6%, birds represented 33.6%, but fish comprised only 11.2% of all study species
(Brown et al. 2013). Despite limited use in fish species, accelerometers and other biologging
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tools (e.g., heart rate monitors, depth loggers) are becoming of increasing interest, particularly in
aquaculture as they have potential to benefit production. For instance, they could serve as
operational welfare indicators (Svendsen et al. 2020) as depth and temperature loggers have been
used on farm raised Atlantic salmon (Salmo salar) to assess patterns of swimming depth in
thermally stratified production cages, indicating competition for preferred thermal spaces
(Johansson et al. 2009). More recently, various biologgers including accelerometers and heart
rate monitors have also been used to link heart rate and activity to stress levels in farmed Atlantic
salmon (Svendsen et al. 2020), opening the possibility of on-line stress monitoring in
commercial production. These examples indicate biologging can be an essential tool to
aquaculture producers and that it is beneficial to continue to develop potential applications of
such technologies.
Biologging tools, including accelerometers, can also provide insight into an animal’s
physiological adaptations to changing environments. Specifically, acceleration is correlated with
oxygen consumption, metabolism, and energy expenditure in many animals. For instance,
Wilson et al. (2006) found both oxygen consumption and carbon dioxide production rates to be
positively associated with overall dynamic body acceleration (ODBA) in great cormorants
(Phalacrocorax carbo) while exercising on a treadmill. Similarly, Halsey et al. (2008) concluded
ODBA and heart rate were the most powerful predictors of oxygen consumption in humans
(Homo sapiens) on a treadmill. Both Wilson et al. (2006) and Halsey et al. (2008) suggest
ODBA can provide accurate estimates of metabolism for various terrestrial animals in their
natural environments. These same concepts are also commonly supported with swimming speed
and metabolism in fishes, where acceleration increases with increased swimming speeds and
higher metabolic rates are associated with increased acceleration (Clark et al. 2010; Gleiss et al.
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2010; Wilson et al. 2013; Wright et al. 2014; Brownscombe et al. 2018; Zrini & Gamperl 2021).
Such knowledge can be beneficial in improving bioenergetic models to ultimately improve
productivity within aquaculture practices.
While previous studies on Atlantic salmon and other fishes have investigated
relationships among acceleration, metabolism, and swimming speed, this has not been
investigated in channel catfish (Ictalurus punctatus). Because the catfish aquaculture industry is
currently the largest finfish aquaculture industry in the U.S., this information is important for
understanding metabolic demands of catfish to maximize production. Therefore, the objective of
this study was to examine the relationship between acceleration and metabolic rates during
swimming performance tests of channel catfish.
4.3
4.3.1

Methods
Fish Rearing
Juvenile Delta Select channel catfish were spawned and reared by the US Department of

Agriculture (USDA) Agricultural Research Service at the Thad Cochran National Warmwater
Center in Stoneville, Mississippi. The Delta Select strain was established in 2006 and derived
from 10 commercial catfish farms for selecting improved growth and carcass yield by the
USDA’s Warmwater Aquaculture Research Unit (Bosworth et al. 2020). Fish were subsequently
transported to Mississippi State University’s South Farm Aquaculture Facility and gradually
acclimated for two weeks from 27C (temperature they were at in the Thad Cochran National
Warmwater Center) to 20C. Fish were held in three, 355-L tanks, with 50 catfish per tank across
an independent recirculating aquaculture system supplied with well water and forced air via air
stones. Fish were held at a 12-hour light: 12-hour dark photoperiod. Temperature, salinity, and
dissolved oxygen were measured with a dissolved oxygen meter (Pro 2030, YSI Inc., Yellow
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Springs, OH, USA) and pH with a pH probe (EcoSense pH100A, YSI Inc.). Water quality
conditions maintained for the duration of the study included: temperature (mean ± SE) 20.1 ±
0.0 C, dissolved oxygen 7.6 ± 0.0 mg/L, salinity 0.8 ± 0.0 ppt, and pH 7.2 ± 0.02, representing
levels appropriate for channel catfish (Tucker & Robinson 1990). Fish were fed daily to satiation
with a commercial diet (Fry/Fingerling Catfish Food; Fishbelt Feeds Inc., Moorhead, MS, USA)
consisting of 35% crude protein, 2.5% crude fat, 7% crude fiber, and 0.4% phosphorus. Tanks
were monitored during a 30-minute feeding period in the morning (between 07:00 and 12:00); if
all pellets were consumed, additional pellets were added until feed consumption ceased, and
pellets remained at the surface. After feeding, remaining pellets were netted and removed from
the tanks. Biofilters were backwashed daily, and tanks were siphoned and/or scrubbed weekly,
and any dead fish were immediately removed upon discovery.
4.3.2

Surgical Procedure
To measure catfish acceleration, Star-Oddi micro-ACT tags (Garðabær, Iceland; length:

25.4 mm, diameter: 8.3 mm, weight in air: 3.3 g) were surgically implanted into 8 channel
catfish. The tags did not exceed 2% of the fish’s body mass. Prior to all surgeries, each tag was
inserted into the tag-computer interface (COM-BOX) and the start date, start time (0900),
sampling intervals (2 min), and sampling frequency (10 Hz) were programmed with Mercury
software (version 5.99, Star-Oddi). To ensure a post-absorptive state prior to the surgical
procedure, individual fish were placed in a separate holding tank where food was withheld for 36
hours. All catfish were anaesthetized in a buffered solution (150 mg/L MS-222, 400 mg/L
NaHCO3) and weighed (nearest 0.01 g). Fish were then placed on a wet surface in the supine
position and gills were irrigated with aerated water containing a buffered anesthetic (75-100
mg/L, MS-222, 400 mg/L NaHCO3) throughout the entire surgical procedure. An incision was
93

made in the mid-ventral region of the fish in the sagittal plane. A piece of non-absorbable silk
suture (3-0) was tied around the tag, similar to Zrini & Gamperl (2021), and the tag was inserted
with the blunt end in the posterior direction. The tag was then guided forward with the attached
suture, past the incision site, to orient it closer to the pericardial cavity. Once the tag was
oriented, the sutures around the tag were passed through the body wall cavity with a curved
needle and tied into place (see Figure 4.1 for tag orientation). The incision was then closed with
2-3 non-absorbable sutures. Following the surgical procedure, and similar to Zrini and Gamperl
(2021), the fish recovered in a holding tank for 5 days with several other catfish to encourage
feeding during the recovery period. Fish surgeries across the 8 individuals occurred over 8
successive days to ensure only one flume test occurred per day.
4.3.3

Critical Swimming Speed Test
To examine the relationship between acceleration and metabolism, we used a 98-L

Blazka-style swim flume with a cylindrical swimming chamber (100.3 cm length, 15.2 cm
diameter). The swim flume was covered on the observer’s side with a dark, plastic covering to
reduce external stimuli. A flow meter and probe (Flo-Mate 2000, Marsh McBirney Inc.,
Frederick, Maryland, USA) were used to determine the water velocity (cm/s) and calibrate to
revolutions per minute (RPM) in a tachometer display box. The RPM measurements for each
water velocity were an average of measurements at the bottom, middle, and top of the swim
flume fish chamber. During the swimming tests, oxygen consumption was measured with a fiber
optic oxygen probe (Oxygen Dipping Probe, PreSens), a connected meter (OXY-1 SMA,
PreSens), and associated computer software (Measurement Studio 2, 3.0.3.1703, PreSens). The
oxygen probe was calibrated at 0% and 100% oxygen saturation prior to placement of each fish
into the swim flume.
94

Upon the 6th day of recovery for each fish, the fish was relocated to the swim flume to
acclimate overnight at 10 cm/s. To ensure a post-absorptive state, food was withheld for 36 hours
before placing a fish in the swim flume and 48 hours before the swimming test. During
acclimation, water was continuously recirculated to the flume from an adjacent circular 200-L
tank where temperature was maintained at 20C by a chiller (Cyclone Drop-In ½ Hp, Aqua
Logic, Inc.) and oxygen by air stones. After overnight acclimation (15-16 hours) and before
oxygen measurements, the water velocity was increased by 10 cm/s to 20 cm/s for 5 minutes.
After 5-minutes, the water velocity was increased again to 30 cm/s. At this point oxygen
measurements began and the recirculating pump connecting the swim flume to the adjacent 200L tank was turned off to prevent oxygenated water from flowing into the swim flume during the
30-minute measurement period. After the 30-minute measurement period, an 11-minute flush
followed, allowing oxygenated water from the 200-L adjacent tank to pump into the swim flume
at 9 L/minute to complete one water turnover. After the 11-minute flush, this 41- minute
procedure was repeated with increasing water velocities of 10 cm/s. The swim test was
concluded once the fish fatigued, which was determined by three uninterrupted 10-second
impingements of the fish on the back screen of the swim flume following Allen et al. (2021).
After each impingement, the timer was paused, and water velocity was reduced to 0 cm/s to
allow the fish to remove itself from the back screen. Immediately after the fish removed itself
from the back screen, the water velocity was increased to the designated velocity and the timer
was resumed. To validate accelerometer readings during the swim test, tail beat frequency (TBF)
was recorded every 5, 15, and 25 minutes during each measurement period. Tail beat frequency
was determined over 30 seconds, extrapolated to 1 minute, and the averages were used for each
water velocity.
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After completing the swimming test, the fish was anaesthetized in a buffered solution
(150 mg/L MS-222, 400 mg/L NaHCO3), axis lengths were obtained from the widest points of
the body with calipers to the nearest mm, and the tag was removed from the fish’s body cavity.
The tag was immediately inserted into the COM-BOX and data were retrieved using Mercury
software. Critical swimming velocity (Ucrit) was calculated from Brett (1964):

Ucrit = Vf + Vi (Tf/Ti)

(4.1)

where Vf is the final water velocity at which the fish swam the entire 41-minute period; Vi is the
increment of water velocity increase (10 cm/s); Tf is the time swam at the water velocity of
fatigue; and Ti is the time increment for each water velocity (41 minutes). To determine if a
solid-blocking correction was needed for Ucrit calculations, cross-sectional areas of fish were
compared to the flume. For the fish, cross-sectional area was determined using an equation for
the area of an ellipse:

Area = 𝜋 x A x B

(4.2)

where A is the radius of the vertical axis and B is the radius of the horizontal axis. Because the
maximum cross-sections of fish did not exceed 10% of the cross-sectional flume area, no solid
blocking corrections were required (Bell and Terhune 1970).
Using measures of oxygen consumption and fish weights, metabolic rates (MO2) were
calculated for each fish at each water velocity using Cech (1990):
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MO2 = (slope × solubility coefficient × flume volume)/fish mass)

(4.3)

where slope is derived from the oxygen consumption rate over the 30-minute measurement
period, the solubility coefficient is oxygen’s solubility in water (0.439 mg O2/L/kPa across
trials), the flume volume is the difference between the full flume volume (98 L) and the fish
volume (converted from grams to mL), and the fish’s mass (nearest 0.01 g). The highest
metabolic rate before fatigue for each fish served as the maximum metabolic rate for that sample.
Standard metabolic rate was extrapolated from the slope of each fish’s metabolic rates over
increasing water velocities (i.e. the intercept of the slope, Parsons & Sylvester Jr. 1992; Clark &
Seymour 2006; Cucco et al. 2012; Allen et al. 2021). The difference between the maximum
metabolic rate and standard metabolic rate was used to determine the metabolic scope of each
fish.
4.3.4

Statical Analysis
Total body acceleration (i.e. the sum of acceleration across three axes) is typically

calculated from raw tri-axial accelerometry data as either ODBA or the vector of the dynamic
body acceleration (VeDBA). To obtain ODBA or VeDBA, static acceleration from gravity must
first be removed, and average static acceleration was calculated with a running median
smoothing window of 51 samples (Shepard et al. 2008, Studd et al. 2019; see Figure 4.2 for
window size selection). The static acceleration was removed from total acceleration to retain
only acceleration generated from the movement of the fish (Studd et al. 2019). In this case, since
ODBA and VeDBA were highly correlated (Pearson’s correlation coefficient = 0.99; Figure 4.3),
the acceleration-metabolic-water velocity relationship was examined with ODBA. As measures
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of ODBA, metabolism, and TBF followed an exponential relationship (Figure 4.4), data were
natural log transformed to better fit a linear mixed effect model with the nlme package in R
version 1.3.1093 (R Core Team 2019). We first examined ODBA, metabolic rate, and TBF
separately (response variables) in relation to water velocity (predictor variable), and then
examined metabolic rate (response variable) in relation to ODBA (predictor variable); in each
model fish was a random effect to account for the variability between fish. Beta coefficient and
intercept values from each model were used to calculate predicted relationships and the level of
statistical significance for all analyses was considered as P ≤ 0.05.
4.4

Results
Of the 8 fish, with weights ranging from 267.25 to 315.06 g, only one fish completed the

swim test up to 70 cm/s, therefore, data were only analyzed up to 60 cm/s for each fish. Fish
critical swimming speed, Ucrit, ranged from 53.70 to 61.37 cm/s (57.22 ± 1.00). Across the 8
sampled fish, a sum of 369,012 ODBA measurements, 28 metabolism measurements, and 32
TBF measurements were recorded. Extrapolated standard metabolic rates ranged from 60.1 to
152.0 mg O2/kg/hr (98.5 ± 12.8), maximum metabolic rates ranged from 296.6 to 461.2 mg
O2/kg/hr (390.5 ± 20.6), and metabolic scopes ranged from 144.6 to 378.7 mg O2/kg/hr (292.1 ±
27.8).
Overall dynamic body acceleration values ranged from 0 to 7.6 g, TBF values ranged
from 117 to 199 beats/min and metabolism values ranged from 152.2 to 461.2 mg O2/kg/hr
across increasing water velocities. There was a relationship between water velocity and fish
acceleration (ODBA; Table 4.1, Figure 4.4a) with ODBA increasing 3.2-fold from water
velocities of 30 cm/s to 60 cm/s. This acceleration was validated by observations of TBF, as
there was also a relationship between water velocity and TBF (Table 4.1, Figure 4.4b) with TBF
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increasing 1.5-fold from water velocity of 30 cm/s to 60 cm/s. There was also a relationship
between water velocity and metabolism (Table 4.1, Figure 4.4c) with metabolism increasing
about 2-fold from water velocity of 30 cm/s to 60 cm/s. Based on the model outputs for the three
response variables, for every unit change in velocity ODBA was 1.6 times greater than metabolic
rate while metabolic rate was 1.7 times greater than TBF (Figure 4.5). Also, ODBA was 2.7
times greater than TBF for every unit change in velocity (Figure 4.5). Finally, there was a
relationship between ODBA and metabolism (Table 4.1, Figure 4.6) with metabolism increasing
about 1-fold from increasing ODBA values throughout the swimming performance test.
4.5

Discussion
Biologging tools have allowed scientists to study multiple realms of biology and the

responses to various conditions of free-ranging and free-swimming animals in either their natural
or captive environments (Cooke et al. 2004). This study was conducted to examine the
relationship between acceleration and metabolism during swimming performance tests of
channel catfish and TBF was used to validate acceleration measurements. As expected,
acceleration (measured by ODBA), metabolism, and TBF increased as water velocity increased
during swimming tests. Furthermore, the three variables were related to one another, with ODBA
greater than metabolic rate, and metabolic rate greater than TBF at each increasing increment of
water velocity. Through a better understanding of these relationships relative to swimming speed
and environmental conditions, bioenergetic models can be developed to improve aquaculture
production.
In the current study, ODBA had an exponential relationship with increasing water
velocity, a relationship that has also been documented in sockeye salmon (Oncorhynchus nerka),
European sea bass (Dicentrarchus labrax), and Atlantic salmon where acceleration values
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increase exponentially with swimming speed (Clark et al. 2010; Wright et al. 2014; Zrini &
Gamperl 2021). The relationship between ODBA and water velocity had an R2 of 0.21,
indicating ODBA and water velocity are weakly related, potentially due to high amounts of
variability in ODBA values across water velocities and across each fish. For example, Clark et
al. (2010) reported an R2 of 0.85, and Wright et al. (2014) reported an R2 of 0.87. It is also
notable that this relationship is not always exponential. For example, Brownscombe et al. (2018)
reported a positive linear relationship, between ODBA and swimming speed in bonefish (Albula
vulpes). Therefore, this relationship should be evaluated on a species-by-species basis prior to
generalization or further application of data.
There was also an exponential relationship between TBF and increasing water velocity,
an expected result given fish increase swimming speed under faster water velocities. One benefit
of working with aquatic species is acceleration is commonly tied to observations of body
undulations. For example, TBF has been shown to have a direct relationship with water velocity
in a wide variety of species including channel, blue (Ictalurus furcatus), and hybrid catfish (I.
punctatus x I. furcatus, Gerhart and Allen unpublished data), Atlantic cod (Gadus morhua,
Lurman et al. 2007), cojinoba (Seriolella violacea, Allen et al. 2021), and jack mackerel
(Trachurus symmetricus, Hunter and Zweifel 1971). Moreover, Zrini and Gamperl (2021)
concluded acceleration values could serve as estimates of swimming speed and TBF from Star
Oddi centi-HRT ACT tags, the same manufacturer of the tags used here. Because body
undulations are a good proxy for how body acceleration should change, and we had a similar
relationship in TBF (R2 = 0.97) as we did with ODBA to water velocity, we have confidence in
our acceleration results given our validation.
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Similar to TBF, metabolism also had a strong (R2 = 0.84) exponential relationship with
water velocity, a relationship observed in many other fish studies (Brett 1964; Claireaux et al.
2006; Clark & Seymour 2006; Cucco et al. 2012; Rubio-Gracia et al. 2020; Allen et al. 2021).
Moreover, standard metabolic rates of channel catfish in the current study were within similar
ranges to previous studies of channel catfish. For instance, Moss and Scott (1961) found channel
catfish across 25, 30, and 35C had standard metabolic rates ranging from 77-193 mg O2/kg/hr
and Gerhart et al. (unpublished data) reported standard metabolic rates of channel catfish across
23 and 33C ranged from 83-195 mg O2/kg/hr. However, maximum metabolic rates in the
current study were lower than those reported by Vaughn et al. (Chapter III) and Gerhart et al.
(unpublished data), possibly due to larger fish being sampled. There was also a strong (R2 =
0.90) relationship between ODBA and metabolism which is not unexpected given that both
values increased over changing water velocities. Similar relationships are also shown in other
species, with bonefish ODBA values related to metabolism (Brownscombe et al. 2018), and
changes in speed and trajectory increasing metabolic demands of lemon (Negaprion brevirostris)
and hammerhead (Sphyrna lewini) sharks (Gleiss et al. 2009, 2010). Although not problematic in
flume tests, long-term studies should also consider the potential influence of sampling frequency
as the most appropriate sampling frequency can vary depending on study objectives. While we
used 10 Hz, Brownscombe et al. (2018), showed 1 Hz was sufficient to establish acceleration,
swimming speed, and metabolic relationships in bonefish, and this lower sampling frequency can
increase the longevity of tag battery life. Tag retention should also be considered in longer term
work as various species such as channel and blue catfish have been documented to expel internal
transmitters through the original incision or encapsulate the transmitter in either the stomach or
intestine to later pass through the digestive tract (Marty & Summerfelt 1986; Bodine & Fleming
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2013). While there may be challenges in implementing this work at a greater scale, we provide a
basis of knowledge for the acceleration-metabolic relationship in catfish that is beneficial for
subsequent understanding of fine-scale bioenergetics of free-swimming catfish.
Biologging tools have already been shown to benefit the aquaculture industry as they can
serve as operational welfare indicators. Previous studies have demonstrated the usefulness of
acceleration measurements from biologging tools as predictors of metabolism and energy
expenditure in fishes (Halsey et al. 2008; Clark et al. 2010; Gleiss et al. 2009, 2010). Here, the
relationships among ODBA and metabolism in controlled environments are developed as a
necessary first step for further application to aquaculture ponds, cages, or other uncontrolled
environments. Further use of fine scale biologging information can be used to inform holistic
bioenergetic models providing better understanding of the metabolic demands and energy
expenditure of cultured fish. These advancements provide new tools for helping maximize
aquaculture production.
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Tables

Table 4.1

Beta coefficients, intercepts, and model fit (R2) for linear mixed effect models
relating water velocity to transformed values overall dynamic body acceleration
(ODBA), metabolism, and tail beat frequency (TBF), as well as a model relating
metabolism to ODBA
Model

Beta

Intercept

P-value

R2

Coefficients
ODBA ~ Water Velocity

0.0035

-0.39

< 0.001

0.21

Metabolism ~ Water Velocity

0.0022

0.46

< 0.001

0.84

TBF ~ Water Velocity

0.0013

0.44

< 0.001

0.97

Metabolism ~ ODBA

0.6647

0.71

< 0.001

0.90
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Figures

Figure 4.1

Placement of the Star-Oddi micro-ACT in channel catfish (Ictalurus punctatus).
The micro-ACT was guided past the incision site, closer to the pericardial cavity
and secured into the body wall cavity with 3-0 silk suture.
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Figure 4.2

The overall acceleration (OA) ± SD as a function of the running median for
channel catfish (Ictalurus punctatus). At 5 seconds, the point of plateau occurs
indicating stabilization of variation and selection of window size for removal of
static acceleration.

105

Figure 4.3

Mean ± SD overall dynamic body acceleration (ODBA) and the vector of the
dynamic body acceleration (VeDBA) values of channel catfish (Ictalurus
punctatus) at each water velocity.
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Figure 4.4

Mean ± SD of A) overall dynamic body acceleration (ODBA), B) metabolic rate, and C) tail beat frequency (TBF) for
channel catfish (Ictalurus punctatus) at each water velocity.
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Figure 4.5

Mean ± SD transformed metabolic rate, overall dynamic body acceleration
(ODBA), and tail beat frequency (TBF) counts related to water velocity with a
fitted predicted line for channel catfish (Ictalurus punctatus).
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Figure 4.6

Mean ± SD transformed metabolic rate related to transformed overall dynamic
body acceleration (ODBA) with a fitted predicted line (Y=0.66X + 0.71; R2=0.90)
for channel catfish (Ictalurus punctatus).
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